Utah State University

DigitalCommons@USU
All Graduate Theses and Dissertations

Graduate Studies

5-1966

The Complex Formation of Silver Ion With Ribonucleic Acid,
Guanosine, Inosine and Related Compounds and Peroxidase-Like
Activity of a Haemundecapeptide Prepared From Horse Heart
Cytochrome C
José Angel Reinosa
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd
Part of the Biochemistry Commons, and the Plant Sciences Commons

Recommended Citation
Reinosa, José Angel, "The Complex Formation of Silver Ion With Ribonucleic Acid, Guanosine, Inosine and
Related Compounds and Peroxidase-Like Activity of a Haemundecapeptide Prepared From Horse Heart
Cytochrome C" (1966). All Graduate Theses and Dissertations. 3588.
https://digitalcommons.usu.edu/etd/3588

This Dissertation is brought to you for free and open
access by the Graduate Studies at
DigitalCommons@USU. It has been accepted for
inclusion in All Graduate Theses and Dissertations by an
authorized administrator of DigitalCommons@USU. For
more information, please contact
digitalcommons@usu.edu.

ii

ACKNOWLEDGMENTS
The author wishes to express his deep appreciation to Dr. Anthony
T. Tu for guidance and advise on the planning and conducting of this
project.

Sincere thanks are also extended to Dr. Richard L. Redington

for valuable suggestions on infrared spectral studies,
A fellowship granted by Dr, Javier

Malag6~

through the Organizacion

de los Estados Americanos, made possible the termination of this project.
The author wishes to acknowledge his full appreciation.

Jose A. Reinos a

Hi

TABLE OF CONTENTS

PART A
THE COMPLEX FORMATION OF SILVER ION WITH RIBONUCLEIC
ACID, GUANOSINE, INOSINE AND
RELATED COMPOUNDS
INTRODUCTION •
Statement of Problem
Nature of problem
Objectives •

6

6

7

Abbreviations •
REVIEW OF LITERATURE •
Interaction of Metals with Nucleic Acids and
Their Components
MATERIALS AND METHODS

8
8

12

Materials

12

Methods ••

12

Interaction of silver ion

12
17

RESULTS
Silver Binding to Nucleosides, Nucleotides
and Related Compounds • • • •
Stoichiometric relation
Ultraviolet absorption spectra studies • •
Infrared absorption spectra studies
Formation constant for GlP-Ag from conductometric data •

17
17
22
22
30

iv

TABLE OF CONTENTS (continued)
Silver Binding to Ribonucleic Acid
Phosphorus analysis
Conductometric titrations
Silver binding to formaldehyde-treated RNA
Ultraviolet absorption spectra of RNA and RNA-Ag
Infrared spectra of RNA and RNA-Ag •
DISCUSSION • • ••

32
• 32
• 34
• 36
36

• 39
44

Nucleosides, Nucleotides and Related Compounds
Theobromine

44
• 53

Stability of GMP-Ag Complex

55

Silver Complexes of RNA

• 56

SUMMARY

64

LITERATURE CITED •

• 66

PART B
PEROXIDASE-LIKE ACTIVITY OF HAEMUNDECAPEPTIDE
PREPARED FRa-t HORSE HEART
CYTOCHROME

£

INTRODUCTION • • • • • •

• • 69

Chemical Properties of Horseradish Peroxidase

70

Statement of Problem Under Investigation

73

Objectives

74

REVIEW OF LITERATURE •

75

Peroxidase Activity of Non-haem Compounds
Degradation of Cytochrome

£ by

Enzymic Digestion

78

80

v

TABLE OF CONTENTS (continued)
MATERIALS AND METHODS •

83

Materials

• 83

Methods

83

Preparation of haemundecapeptide from cytochrome c
Amino acid analysis of haemundecapeptlde
Tests for purl ty • • • • • • • • • • • • •
Determination of peroxidase-like activity
Measurement of activation energy

• • • ••• • ,

Investigation of catalase activity
Ultraviolet absorption spectra
RESULTS •
Amino Acid Analysis

83
• 84
• 86
88
• 89

• 90
90
91
• 91

Electrophoresis

91

Paper Chromatography •

93

Effect of Substrate Concentration on Kinetics

95

Peroxidatlc Activity of Haemundecapeptlde

95

Effect of Cyanide and Fluoride on Peroxidatlc Activity •

98

Ultraviolet Absorption Spectra

102

Effect of pH on the Peroxidase Activity

105

Activation Energy of Haemundecapeptlde and Peroxidase

109

Investigation of Catalase Activity of Haemundecapeptide

109

DISCUSSION

112

SUMMARY • •

118

LITERATURE CITED

119

vi

LIST OF TABLES
PART A
Page

Table
1.

Molar ratio of silver to guanosine, GMP, inosine, IMP,
theophylline, theobromine, caffeine, uridine, UMP and
ribose determined by chemical methods ••

17

2.

Hydrogen ion release on complex formation

20

3.

Silver binding to RNA determined by conductometric
titration • • • •
• • • • • • • • • • • • • • • • • • • • • • 35
PART B

1.

Amino acid analysis of haemundecapeptide

2.

The peroxidase activities of haemundecapeptide, horseradish
peroxidase, protohaemin and inorganic ferric salts, before
and after heating for 30 minutes at 94 C • • • • • • • • • • • • 99

• • • 91

vi!

LIST OF FIGURES
PART A
Page

Figure

1,
2.

Conductometric titration of GHP and IMP with
silver nitrate

, , , , , , , , , , 18

Depression in pH of guanosine solution upon
addition of silver nitrate
, , , , ,

21

3a,

Ultravi olet absorption spectra of compounds investigated

3b,

Ultraviolet absorption spectrum of theobromine

4a,

Infrared spectra of guanosine and GMP and
silver complexes
, , , , ,
, , , , , , , , , , • , 26

4b,

• 23
24

Infrared spectra of inosine and IMP, and
silver complexes

• • • • •

27

4c,

Infrared absorption spectra of theophylline

28

4d,

Infrared spectra of theobromine , , , ,

29

Conductometric titration of 0,13 mmoles GMP with
silver nitrate , , • , , , , , , , , ,

31

6,

Conductometric titration of RNA with silver nitrate

37

7,

Depression in pH upon addition of silver nitrate to RNA

38

8,

Ultraviolet absorption spectra of RNA and RNA•Ag

40

9,

Identification of RNA-Ag complex by the method of
continuous variations ,

41

Infrared spectra of RNA and RNA-Ag. (Complex I)

42

lla,

Structural formulas of the compounds investigated

47

l lb,

Structural formulas of the compounds investigated

5,

10,

(continued) • • • • • • • • • • • • • • • • • • •

12,

• • • • 48

Proposed mechanism for the formation of silver complexes
of guanosine, Q!P, inosine and IMP
, , , , , , , , , , , , , 50

vii i

LIST OF FIGURES (continued)
PART B
Figure
1.

Structural formula

2.

Electrophoretogram of haemundecapeptide and cytochrome £
in phosphate buffer, pH 9.2 • • • • • •

Page
• 85

92

3.

Paper chromatogram of haemundecapeptide •

4.

Effect of substrate concentration on the kinetica
of peroxidase reaction
• • • • • • • • 96

5.

Enzyme activity of horseradish peroxidase and
haemundecapeptide • • • • • • • • • • • •

• 97

6.

Effect of cyanide on HUP and horseradish peroxidase •

100

7.

Effect of fluoride on HUP and horseradish peroxidase

101

8.

Ultraviolet absorption spectra of reduced and oxidized
HUP and horseradish peroxidase

103

Absorption spectra of HUP in presence and absence
of cyanide or fluoride

1~

Spectral changes exerted by HUP upon reduction,
in presence of cyanide
• • • • ••••

1~

Spectral changes exerted by HUP upon reduction,
in presence of NaF

107

12.

Effect of pH on peroxidase activity

108

13.

Arrhenius plot for HUP and HRP

110

9.

10.
11.

PART A

THE COMPLEX FORMATION OF SILVER ION WITH RIBONUCLEIC
ACID, GUANOSINE, INOSINE AND
RELATED COMPOUNDS

INTRODUCTION
The Importance of nucleic acids ln plant and animal cells as
carriers of genetic Information and as protein biosynthesis agents
ls well recognized.

It ls also known that nucleic acld ls a compo•

nent of all viruses.
Takahashi (45) and Fraenkel-Conrat (16) demonstrated that the
protein component of tobacco mosaic virus ls non-Infectious to the
host plant, although lt ls Identical to the orlglnal virus morphologically.

The virus ribonucleic acld (RNA) alone was Infectious ,

however .

Deoxyribonucle i c acld (DNA) , which ls pr esent ln chromosomes ,
displays a very speclflc function.

The chromosome long has been

accepted as the carrier of the hereditary unit, the gene, whose maln
component ls DNA, which controls the formation of enzymes and of many
proteins.

Agents that bring about a mutational effect, affect DNA.

Some of these agents are ultraviolet llght, X-ray radiation and nitrous
acld.
Nearly a century ago, Frledrlch Hlscher Isolated a nuclear component from material found In wound dressings ln hospitals, which he
named "nuclein."

Thls material ls known today as nucleic acid.

This

event marked the beginning of a very fruitful· research that has elucl•
dated some of the complex chemistry of the Intimate processes of cellular
llfe.

A short time later Altmann (3) succeeded In separating nucleic

acid from yeast cells.

The high phosphorus content in these macromolecules attracted the
attention of chemists.

Soon Piccard, Kossel, Neumann, Steudel and

Levene (6), among others, were devoted to analytical studies of the
nucleic acids.

As a result, the purine and pyrimidine components of

Mischer's nuclein were identified.
By 1930, two types of nucleic acids were well established.

They

differed fundamentally in their products of hydrolysis: the nucleic
acid from yeast cells gave adenine , guanine, cytosine, uracil, phos•
phoric acid and ribose, while the product isolated from thymus yielded
adenine, guanine, cytosine, thymine, phosphoric acid and deoxyribose.
Ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), respectively,
are the names assigned to these biological molecules.

The term

pentosenucleic acid (PNA) is also used to designate RNA.
The pioneer work in this field was originally performed on material
separated from animal tissue, but eventually nucleic acids were found
in plant tissue.

Cells which are active in synthesis of protein have

a higher content of RNA.

Spinach root tips were some of the first

material from which RNA was first isolated (5).
Much chemical knowledge has been gathered concerning this group
of biological compounds--their properties, synthesis, structure, methods
for isolation, purification, and identification.
Nucleic acids occur in all cells of all living organisms.

The

major fraction of RNA is associated with extranuclear material, while
DNA is mostly located in the nucleus.

At one time it was thought that

RNA was exclusively the nucleic acid of plants, and DNA of animals.
This theory is discarded today, as the presence of DNA in the nuclei
of plants, animal and bacterial cells has been established since then.
The relative proportion of the two types of nucleic acids in a
given cell depends on the relative proportion of the nuclear material
as compared to the cytoplasmic material.
with extranuclear material.

Not all RNA is associated

Isolated cell nuclei have been found to

contain RNA (27), and DNA has been found in the cytoplasm of frog's
eggs (21).
During the past decade, a very peculiar feature pertaining to the
quantitative composition of nucleic acids became established; the sum
of pyrimidine nucleotides equals the sum of the purine nucleotides (28).
In some DNA preparations a further relationship was established, namely
that the content of adenine was equal to the thymine content, and content
of guanine was the same as that of cytosine.

Watson and Cricks (50)

meticulously constructed a model for the DNA molecule.

Its configura•

tion, structure and geometry satisfied all the atomic, steric and bond
conditions, dimensions, distances and angles.

The model comprises a

double stranded helical structure, with hydrogen bonds between the strands,
from adenine to thymine, and from guanine to cytosine.
The nucleotides that make up the polynucleotide& or nucleic acids
are linked to each other forming a long continuous chain.

One of the

two acidic groups of the phosphoric acid residue of a mononucleotide
is esterified by a sugar hydroxyl of the adjoining nucleotide.

In DNA
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the only sugar hydroxyls available for the ester bond are at 3' and 5 1
positions of deoxyribose .

Consequently, the nucleotides must be joined

by phosphate ester linkages involving the 3' position of one unit and
the 5' position of another unit.

On the other hand , the RNA ribose

moiety has unsubstituted hydroxyls at 2', 3' and 5' positions.

Markham

(35) proved by paper electrophoresis and ion exchange chromatography
that the 3'·5' phosphate diester bonds are prevalent in RNA.
Nucleic acids retain traces of metals in significant and rather
constant amounts.

Dialysis and electrophoretic techniques have failed

to free RNA of this metal content, or to reduce it to an insignificant
level.
The occurrence of some metals in nucleic acids has been reported
by several investigators.

Zittle (55) and Jungner (25) reported the

presence of copper and magnesium in two samples of commercial yeast
ribonucleic acid .

Later Loring and Waritz (31) investigated the metal

content of purified tobacco mosaic virus and detected significant traces
of iron, calcium and magnesium.

Loring, Al•Rawi and Fujimoto (32)

determined the iron content of tobacco mosaic virus and found 1.5 mg
of iron per 100 g of virus.
Significant amounts of chromium, manganese, nickel, iron, aluminum,
copper, zinc and cadmium, with a total molar ratio of 1/50 of the phosphate residues, were observed by Wacker and Vallee (47), in ribonucleic
acids from diverse biological sources.
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Kozloff (29) based his proposed mechan i sm for the invasion of a
cell by a virus particle on stud i es made on the infection Escherichia
coli by the T2 bacteriophage.

He f ound that the virus tall contained

calcium in addition to ATP.
Loring, Fujimoto and Eng (33 ) determined the iron distribution in
infectious nucleates of TMV by centri fugation studies .

Loring, Fujimoto

and Tu (34) reported a method f or ana l yzing pelleted TMV for potassium,
sodium, calcium, magnesium, iron and manganese.

The cation composition

of TMV bears no direct relationsh i p to t hat of the plant extract from
wh i ch it was extracted, and i t i s r el ative l y cons t ant during the di f ferent
u l t racentrlfugal cyc l es .

They concluded t hat t he v irus must be cons i dered

as a rela t ively undlssoc l ated coordination complex not only involving
RNA and protein, but considerable amounts of calcium and magnesium
as well.
Wacker, Gordon and Huff (45) f ound that RNA obtained from a wide
variety of species of TMV conta i ns signific ant quantities of firmly
bound metals.

Their results show that the virus and its component, RNA,

consistently contain magnesium, calcium, strontium, barium, aluminum,
chromium, manganese, iron, nickel and copper.

Metal ions of the first

transition period of the periodic system are very firmly bound; they
resist removal by exhaustive dialysis against metal-free water or
chelatlng agents.
Walsh, Rupp and Wyluda (49) observed paramagnetic resonance spectra
of manganese, cobalt, copper, chromium , iron and gadolinium ions bound to
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RNA and DNA at 12 kMc/sec.

These ions are often located in nearby cubic

sites and lie on the exterior of the polymer molecules.
Vaccinia virus vas purified by Zvartouv (57) by using sucrose for
density gradi ent ultracentrifugation.

The purified product vas analyzed

and found to contain 0,02 percent copper.
Johnson (24) prepared turnip yellow mosaic virus using tetramethylammonium-EDTA buffer.

The resultant product contained significant traces

of sodium, potassium, magnesium, cadmium, strontium, iron, copper and
nickel.
Statement of Problem
Nature of problem
The significance of trace metals present in such important biological molecules cannot be fully understood unless the nature of the metal
binding with the RNA components, the nucleo tide unit, is clarified.

The

size and complexity of the RNA molecule necessitates investigating the
individual components of RNA, the nucleosides and nucleotides, as well
as some other related molecules.
Silver vas selected because the complex between RNA and silver ion
is quite soluble in aqueous media (41).
for studying the reaction of complexing.

This solubility is desirable
Silver vas also chosen since

relatively little investigation has been conducted with monovalent metals.

Objectives
1.

To study the interaction of s i lver ion with RNA and

its components.
2.

To determine the stoichiometry of the silver ion with RNA

and its components .
3.

To determine the probable site or sites of complexing.
Abbreviations

The following conventional abbreviations are used throughout
this thesis :
AMP

adenos i ne monophosphate

CMP

cytidine monophosphate

GMP

guanosine monophosphate

IMP

inosine monophosphate

liMP

uridine monophosphate

DNA

deoxyribonucleic acid

RNA

ribonucleic acid

PNA

pentose nucleic acid

Ag•RNA or RNA•Ag

ribonucleic acid complex with silver

Ag-DNA or DNA-Ag

deoxyribonucleic acid complex with silver

Ag•GMP or GMP•Ag

guanosine monophosphate complex with silver

N(7). C(6) 9 etc.

refer to the nitrogen atom number 7. and the
carbon atom number 6 In the purine structure
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REVIEW OF LITERATURE
Interaction of Metals With Nucleic Acids
and Their Components
The ability of nucleosides, nucleotides, RNA and DNA to complex
with certain metals has been reported by a number of investigators,
Eichhorn and Clark (9) studied the interaction of mercury with
nucleosides that contained amino groups,

They observed the competition

between formaldehyde and mercury for adenosine, cytidine and guanosine
and concluded that the primary amines bind mercury,
Fiskin and Beer (14) determined, from spectrophotometric and con•
ductometric studies, a maximum stoichiometry of two nucleosides per atom
of metal, for complexes with c6+ and P~+, which involved the acidic and
basic sites of the nucleosides,
In studying the complex formation of methyl mercuric ion, or
mercuric ion with nucleosides, Simpson (42) used ultraviolet absorption
spectra at various pH's to determine the sites of mercuration,

In

addition to the expected binding to the nitrogen sites having titrable
hydrogens, he reported binding to the primary amine nitrogens,

He also

observed that the affinity of thymus DNA for inorganic mercury is at least
one order of magnitude greater than that of the nucleosides,
binding of

CH 3-Hg• ions

was independent of pH above 5,

that a proton is released,

The weak

This indicates

The other ring nitrogens are eliminated as

possible sites since they are not protonated,
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The slgnlflcance of metal nucleotide complexes ln relation to the
activation of enzymes involving phosphorylation ls recognized today.
Commonly, there ls a requirement for M§+, but activation with M~+,
and

c&+

has also been observed,

c¥+,

There are strong lndlcatlons that the

metal complexes are the actual substrates of the enzymes.

For example,

with fructoklnase at high tonic strength and ATP-ase activity, maximal
enzyme activity ls obtained at a metal to ATP ratio of one.
Szent-Gyorgl (44) ln 1955 proposed a structure for ADP or ATP complexes with copper or magnesium, in which the amino group at the 6
position and the N{7) in adenine, as well as the phosphate residue,
contribute ligand groups to the metal.

Investigations based on tltra-

tlon measurements, cation and ion exchange methods have shown that some
discrepancies occur, depending on the methods used.

Walaas (48) concluded

from results obtained that two main factors determine the formation constants of metal-nucleotide complexes,

These factors are the nature of

the metal and the length of the phosphate chain.
In 1960 Felsenfeld and Huang (12) examined the interaction of
polynucleotide& with metal ions,

They found that the effect of magne-

sium ton tn the formation of a two stranded complex was characteristic
of a strong interaction between metal ton and polynucleotide.

The effect

of sodium ton was correlated to weak interaction.
Investigations with nucleic acid complexes with metals have been
more numerous.

Research has, however, been almost exclusively devoted

to DNA complexes,

One of the early workers, Katz (26), added mercuric
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chloride to a solution of DNA and observed a reversible decrease in viscostty, as well as other changes in some other properties.

He concluded

that some kind of configurational rearrangement occurred.

The molecular

structural changes are still a subject of investigation and conjecture.
Zubay (56), after studying the interaction of DNA with magnesium tons,
found evidence to support the contention that although the negatively
charged sites of the phosphate groups contribute to the energy of binding,
they are not always the actual sites of binding.
Yamane and Davidson (52) studied the complex formation of DNA with
Ag+, and detected two complexes.

No hydrogen ton release was observed at

the formation of the first complex.

In the formation of the second com-

plex, the total proton release was 0.69 moles per silver ton attached,
and for denatured calf DNA, 0.63 moles.
Altmann (2) reported neutron activation analyses of metal tons in
various nucleic acids.

He discussed the significance of DNA-Cu and DNA-Mn

complexes with regard to structure and resistance to radiation damage.
Huff, Sastry, Gordon and Wacker (22) studied the action of metal tons on
TMV·RNA.

They found that the addition of transition metal tons stabilized

the secondary structure of RNA, as evidenced by a reduction in the absorbancy change of heated nucleic acid solutions.
Coates, Jordan and Srivastava (7) concluded that denaturation of DNA
by ca•at elevated temperatures was caused by complex rormatton of the ca•
with some of the bases.

This was indicated by a shift in the absorption

maxima of a DNA-Cu(N0 3 ) solution from 800

~

at 25 C to 740

mp

at 55 c,

11

and a shift In the ultraviolet from 259 to 261

~u.

Jensen (23) reported a DNA-Ag complex formation.

He concluded

that DNA, that Is rich In guanosine-cytidine pairs, binds silver more
strongly than adenosine-thymine rich DNA.
Shankar, Wang and Davidson (39) observed that native DNA binds
mercuric Ions reversibly at pH 9.
to-nucleotide ratio of 0.5.

The complex had a bound mercury-

Two protons were displaced per mercuric

!on bound.
Electron paramagnetic resonance vas employed by Ropars and Viovy

(38) In Investigating the Interaction of cupric ion with calf thymus
DNA, and with the corresponding nucleosides and nucleotides.

They

considered the copper to be present In three states In the DNA solution:
1.

Ionic copper maintained in the neighborhood of the macromolecule

by the negative charges of the phosphate groups.

These electrostatic

interactions are a function of the Ionic strength, pH and temperature.
2.

c3• bonded by covalence vlth the phosphate groups, characterized

by a Land~ factor g • 2.138.
3.

co• bonded at Internal sites, whose factor g • 2.092.

They proposed a structure for the guanoslne-Cu complex In which the CO+
bridges between the N(7) and the enollc oxygen at position 6.
Eichhorn and Clark (10) studied the unwinding and rewinding of DNA
strands under the Influence of cupric Ions.

4 x 10· 4 M of cu••

At a concentration above

the transition temperature vas drastically lowered.

They assumed that the cu••

vas bound to two nucleosides of the DNA that

were hydrogen bonded by coordination bonds, thus causing an unwinding of
the original double helix DNA strands.
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MATERIALS AND METHODS
Materials
The following compounds made by

c.

F. Boehringer and Soehne GmBH,

Mannheim, were obtained from the California Corporation for Biochemical
Research: Guanosine 3'(2') phosphoric acid, sodium salt, hydrate, 83.5
percent, and Uridine 3'(2') phosphoric acid-A grade.

The same firm

also supplied Guanosine dihydrate-A grade, Uridine-A grade, and Inosine
5' phosphoric acid, 7H 2o-A grade.
Inosine-A grade, was purchased from the Sigma Chemical Company.
Theophylline USP-anhydrous was obtained from the Nutritional Biochemical Corporation.

Theobromine USP, from Merck and Company, and

Caffeine USP-hydrous, from Chemical Commerce, New Jersey.
The sodium salt of yeast ribonucleic acid was obtained from Mann
Research Laboratories Inc., New York.
Ribose vas purchased from Matheson Coleman and Bell.

The silver

salts were CP grade crystals from Mallinckrodt Chemical Works.
All other chemicals used were reagent grade.

Interaction of silver ion
Chemical method.

The method of Shimizu (40), originally used in

studying the capability of yeast RNA to transfer silver into a non-ionized
form, was used in these studies.

The pH of the sample solution vas first
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adjusted to a value of 7.00 with NaOH, using a Radiometer type automatic
titrator.

A measured amount of 0.01 N AgN0 3 , varying between 10 and SOp

moles (a) was mixed with a known amount of sample (2 to lOp moles in 20·
50 ml).

The uncomplexed silver ion was removed with excess of 0.01 N

NaCl, varying between 10 to 50

p

moles (b).

The chloride ion was then

back titrated with 0.01 N AgN0 3 (c), using K2cro4 as the indicator.

All

titrations were made with a microburette, Radiometer auto-burette type
ABU la.

The amount of silver bound to the samples was calculated from

the difference between total amount of silver (a + c) and the amount of
chloride ion used (b).
Conductometric titration.

Complex formation between Ag and GMP and

IMP was also established and followed by conductometric titration.

A

weighed amount of nucleotide, 100 to 200p moles was dissolved in deionized water and the pH was adjusted to 7.0 with NaOH.
brought to 50 ml.
a time at 25

c.

The volume was

The solution was titrated with 0.01 N AgN03, 1 ml at
A blank using the same volume of water without nucleotide

was also titrated with 0.01 N AgN0 3 , under the same conditions.

These

measurements were corrected for volume change and plotted against the
amount of silver ion added.

A Radiometer Conductivity meter, type CDM2,

with a double platinum plate electrode was used for these measurements.
Hydrogen ion release.

To determine hydrogen ion release, lOOp moles

of each sample were dissolved in deionized water, and the pH adjusted to
a value of 7.0, using the automatic pH titrator and the auto-burette type

ABU la.

The volume vas brought to 50 ml, and 300

nitrate vere added,

f

moles of silver

The mixture vas alloved to stand for 20 minutes.

The hydrogen lon released vas titrated vlth 0.01 N NaOH, to the original
pH of 7.0.

A Vater blank at the same Initial pH vas also titrated vlth

AgN0 3 solution.

An agar-agar salt bridge vas adapted between the satu-

rated KCl calomel electrode and the titrated solution.

It contained

0,5 N KN0 3 •
Ultraviolet absorption spectra.

The absorption spectra of the

nucleosldes, nucleotldes and the methylated purines, as vall as their
silver complexes, vere measured In a Cary 15 double beam recording
spectrophotometer.

Both phosphate and borate Ions combine vlth silver

lon to form Insoluble salts .
buffers were used.

Therefore, neither phosphate nor borate

Each sample vas dissolved In deionized vater, and

the pH of the solution adjusted to 7.0 vlth NaOH, using the pH stat
Radiometer tltrator type TTT lc.

The final concentration of each sample

was adjusted to 0,04 p moles per ml.

To form the silver complex, each

sample was mixed with an equlmolar amount of silver lon.

Because the pH

dropped after complexlng, the pH vas readjusted to 7.0 vlth NaOH for the
absorption studies.

The tltrator vas used to adjust the pH and the

volume vas then adjusted to make the final concentration of sample 0,04

p mole per ml.
Infrared absorption spectra.

Infrared absorption spectra vera taken

In a Beckman Model IR-8 double beam recording spectrophotometer, In the
region from 4,000 to 625 cm·l.

All spectra vera determined by using
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potassium bromide discs.

For the silver complex spectra, the nucleoside,

nucleotide or methylated purine were mixed in solution with silver ion,
and the excess silver was removed by dialysis at 3

c.

Water was removed

under reduced pressure, and the solid Ag-nueleoside or Ag-nueleotide
complex was pulverized and thoroughly mixed with potassium bromide.

A

thin pellet was compressed for the infrared absorption studies.
A mull of sample suspended in mineral oil and smeared on a sodium
chloride window was also used for obtaining infrared spectra.

The results

were no different from those secured with the potassium bromide discs.
Only potassium bromide was used as the diluent in our study.
Phosphorus analysis.

The phosphorus content of yeast RNA was deter-

mined by the method of Fiske and SubbaRow (13), as modified by Loring
~!!

(30).

The method is based on the colorimetric detection of a

phosphomolybdate complex that forms in strong acid solution.

All the

phosphorus is first converted to the phosphate state of oxidation.

The

absorbance of the phosphomolybdate solution was measur ed in a Hitachi
single beam or a Beekman DU spectrophotometer at 820

mp.

was directly proportional to the phosphorus concentration.

The absorbance
At the con-

centration range of the analysts, Beer's Law vas valid, as predetermined
by running samples of known phosphorus content, ranging from 5 to 20
micrograms per ml.

A plot of absorbance versus phosphorus concentration

in micrograms per ml, gave a straight line.

This curve obtained from

known amounts of phosphorus served as the standard curve.
The sample containing 10 to 25 pg of P vas digested with 2 ml of
50 percent sulfuric acid in Foltn-Wu tubes graduated at 12.5 and 25.0 ml.
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After about 15 minutes, 3 drops of 70 percent vacuum distilled perchlorlc
acid were added and the sample was reheated for 3 minutes,

After cool-

Ing, 3 ml of deionized water were added to each tube and the solutions
were boiled for 3 minutes to hydrollze pyrophosphate,

After cooling,

the solution was diluted to the 12.5 ml mark with deionized water.

After

mixing with 2 ml of molybdate solution (4,4 percent ammonium molybdate),
the solution was diluted to 22 ml with deionized water and mixed again.
One ml of color reagent was added and the solution was diluted to the
25 ml mark with deionized water and again mixed thoroughly.

The maxi·

mum color development was obtained by placing the tubes In a boiling
water bath for 10 minutes,

After cooling to room temperature and ad-

justing the volume to 25 ml with deionized water, the phosphorus content
was determined by measuring the absorbancy of the solution in a Beckman
Model DU or a Hitachi spectrophotometer at 820

~·

The color reagent consisted of 1 g of l-amlno-2-naphthol-4•$Ulphonlc
acid, 66 g of sodium metablsulflte and 6 g of sodium sulfite In 500 ml
of distilled water.
The phosphorus standard solution contained pure KH 2Po4 dissolved
In deionized water to make

lO~g

per ml.

Interaction of formaldehyde with RNA,

The NH2 groups in RNA were

blocked according to the technique developed by Fraenkel-Conrat (15).
Two percent formaldehyde was mixed with the RNA solution at pH 6,8 at
23

c,

and allowed to stand for 48 hours.

removed by dialysis.

The excess formaldehyde was

17

RESULTS
Silver Binding to Nucleotide&, Nucleosides
and Related Compounds
Stoichiometric relation
The number of moles of silver ion bound to guanosine and GMP, as
determined by the chemical method, was found to be in unimolar ratio
~table

1).

Both inosine and IMP were bound to one mole of silver ion,

Theophylline and theobromine also gave a unimolar ratio with silver
ion.

Caffeine, uridine, UMP and ribose did not bind with silver ion.

Table 1. Molar ratio of silver to guanosine, GMP, inosine, IMP, theophylline, theobromine, caffeine, uridine, UMP and ribose
determined b~ chemical methods
Ag/sample (mole/mole)
Number of
Nearest integer
Mean : 95%
determinations
confidence limits
for Aglsample
Sample
:1:
0,
036
Guanosine
14
1. 01
1
7
0, 958 t 0,099
GMP
1
7
o.
969
:1:
o.
070
Inosine
1
7
0,976 i 0,014
I MP
1
6
0,988 t 0,075
Theophylline
1
6
0,993 i 0,032
Theobromine
1
0,066 ! 0,002
0
5
Caffeine
0
o. 040 i o. 060
5
Uridine
0
5
o. 055 :1: o. 087
U MP
0
4
Ribose
0 005 t 0 011

The stoichiometric relation of silver ion to GHP and IMP was
also determined by conductometric titration, figure 1.
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Figure 1.

Conductometric titration of GMP and IHP with AgN0 3 •
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Both GHP and IMP gave a sharp deflection in the titration curves,
Guanosine and inosine did not give clear deflection points,

Therefore,

the stoichiometric relation was not determined by the conductometric
titration method for these nucleosides,

The results obtained for GMP

and IMP by this method also confirmed the equimolar ratio of silver
ion to GHP and IMP,

Six conductometric titrations were made with GMP,

and the number of moles of silver bound to GHP was found to be
1,15

t

0,10, with 95 percent confidence interval,

with 95 percent confidence limits, was 1,18

t

0,20,

For IMP, the mean,
These results were

based on five experiments.
The study of hydrogen ton release upon complextng also indicated
an unimolar ratio of guanosine, GHP, inosine, IMP and theophylline
(table 2), with silver ion.

Theobromine, although it releases one

mole of hydrogen ions per mole, by the chemical method gives extremely
low values for Ag+/sample,

This indicated that the chloride ion depletes

the theobromine complex of the silver bound to it.
From the data summarized in table 2, it is apparent that one
hydrogen atom was replaced by a silver ion in guanosine, GMP, inosine,
IMP, theophylline and theobromine.
The pH drop caused by the addition of silver nitrate to guanosine
is illustrated in figure 2.
Both inosine• and guanosine-silver systems formed a gel after
standing for a short time.
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Table 2. H~droaen ton release on eom~lex formation
,. moles NaOH
/" moles of
for titration
eom~ound
Guanosine
20
20
100

Stolehlometrle
ratio Hlmole

20
20
88

1. 00
1. 00
0.88

20
85

21
82

o. 97

Inosine
100
150

92
140

0.92
0.93

Mp
220
100

20
108

1. 00
1.08

Theophylline
20
20

20
20

1.00
1.00

Theobromine
20
20

21
19.8

1.05
0.99

o.s
o. 7

0.02
0.03

G MP

Caffeine
20
20
Urldlne
50
50

1. 05

13
10

0.26
o. 20

3
5

0.15
o. 25

Ribose
40
40

0.1
0.09

0.003
0.002

Water ~blank~

010004

0

U MP
20
20

l

o

o

o

o

o--------~>----------~
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24

ml of 0,01 N AgN03
Figure 2,

Depression in pH of guanosine solution upon addition of silver nitrate

~
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Ultraviolet absorption spectra studies
In general, hypochromicity at the wavelength of maximum absorption
occurred in guanosine, GMP, inosine, IMP, and theophylline after complexing with silver ion.

This spectral change in the ultraviolet

absorption of guanosine, GMP, inosine, IMP, and theophylline after
the addition of silver ion is illustrated in figure 3a.
Compounds that did not combine with silver ion, such as caffeine,
shoved little change in the absorption spectra.

The results agree well

with the conclusion drawn from the studies by chemical titration, con•
ductometric titration and hydrogen ion release.

Theobromine, figure 3b,

will be treated further in the Discussion section.
Infrared absorption spectra studies
The infrared spectra of guanosine, GMP, inosine, IMP, theophylline
and theobromine were studied before and after complexing with silver ion.

In guanosine three major peaks at 1725 cm·1 (a), 1680 cm·1 (b), and
1630 cm·1 (c) were observed (figure 4a).

The prominent band at 1590 cm·1

(c) with two small shoulders at 1720 cm·1 (a) and 1670 cm·l (b), corresponding to the two original bands, remained in the guanosine•Ag complex.
The band at 1590 cm•l which may correspond to C•C or C•N stretching
vibrations remained unchanged.
corresponding to

c-o,

In GMP two distinct bands in the region

C•N and C•C bond stretching were also observed.

They were located at 1690 cm•l (a) and 1590 cm•l (b).

On complexing

silver ion with GMP, the first band disappeared, giving only small shoulders
corresponding to the wave numbers of the original.

A distinct peak at

Guanosine

Inosine
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Figure 3a.

Ultraviolet absorption spectra of compounds investigated.
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280

In mp

Ultraviolet absorption spectrum of theobromine.

1610 cm•1 (b) was observed after comp1exing, which showed a shift from
the original position of 1590 cm·1, which probably is caused by the
C•C or C•N stretching of the purine ring.
In inosine, the major peak tn the region of interest was at
1690 cm•1 (a), and the second distinct peak at 1590 cm·1 (b), figure Gb.
On complexing with silver ion, the first major peak (a) disappeared almost completely, and the prominent peak (b) at 1590 cm•1 became very
intense.

Again, a band corresponding to C•O stretching, 1690 cm·1

disappeared, and a band resulting from the C•C and C•N stretching of
the purine ring, 1590 cm·1, remained the same, figure 4b.
Similar results were also obtained for IMP and Ag-IMP.

In IMP

without silver, the major peak was at 1680 cm•1 (a), with a smaller
peak at 1590 cm·1.

After silver ion was attached to IMP, the original

major peak almost disappeared, giving only traces of a peak at 1680 cm•1
(a), and a new major band (b) was formed at 1615 cm·1.
In theophylline, figure 4e, the spectral changes after complextng
were different from that of the compounds mentioned above.

In the 1600

to 1800 em·1 region there were two distinct peaks, one at 1720 cm•1 (a),
and one at 1680 em·1.

These main bands shifted 30 em·1 to 1690 and

1650 cm·1, while they maintained similar patterns.

Unlike guanosine,

GHP, inosine, and IMP, theophylline showed a considerable change in
absorption in the region of 2500 to 3200 em·1.

This region comprises

the free hydrogen bond stretching and the hydrogen bonded NH stretching.

On complexing with silver ton, the broad band (2500 to 3200 cm•1) ln
theophylline largely disappeared.
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In t heobrom ine, the oxygen at C(6) ls in the enolic f orm, and the
oxygen at C(2) is in the keto form (4),
theobrom i ne ~silver,

In the infr ared spectra of

figure 4d, the major peak, i dent ifi ed with the

carbonyl, undergoes some change in intens ity and broadness.

This

band narrowed considerably, and shifted slightly from 1720 cm• 1 to
1700 cm•l,

A more significant spectral change was observed in the

region of 2800 to 3000 cm-1, which is associated with O•H stretching.
In the theobromine spectrum three peaks appeared in this region, located
at 3050 cm·1, 3130 cm·1 and 3200 cm·1.

After interaction with silver

ion, the last two peaks disappeared completely, and the band at 3050 cm·1
was very much reduced ln intensity,

We interpreted the change in this

region of the spectrum as a reflection of the enolic hydrogen displacement by silver ion,
Formation constant for GMP-Ag from conductometric data
The possibility of securing an estimate of the formation constant
for a nucleotide-A& complex from conductivity data was considered.

Al•

though the method devis ed might not have the refinements of other methods,
it is presented,
Consider figure 5, and take the po i nt i n the curve when 10 ml of
0,01 N AgN0 3 were added to the GMP solution,

Because the plotted specific

conductance corresponds to corrected values for a constant volume of
50 ml, the concentrations were calculated on that basis, for calculations
involving conductivities, but the real concentrations for volume 60 ml
will be used in the expression for the stability constant,
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Figure 5. Conductometric titration of 0.13 mmoles
GMP vith silver nitrate.
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The data available were :
Concentration of GMP

• 2, 5

X

Concentration of AgN03

• 2

10•3 M

Specific conductance at 0 point

- 540 p mhos

Specific conductance at point 10 ml

- 571 p mhos

Equivalent conductance for 2

X

X

10-3 M (60 m1)

1o· 3 M AgN0 3 • 112.2 ohms·1

Equivalent conductance for N03

- 61.7

ohms-1

Equivalent conductance for H•

- 314

ohms-1

Equivalent conductance for Na•

- 43.5

ohms·1

- 54 ,3

ohms-1

..
Equivalent conductance for Ag

The values for equivalent conductances at 18 C were taken from the
Handbook of Chemistry and Physics (20},
The theoretical increase in specific conductance of the solution
after addition of 10 ml of 0,01 N AgN0 3 , assuming no interaction occurred,
would be 4.11• 112.2 x 2 x to•3 • 224.4 1-' mhos ,

The specific conductance

of the solution at this point, if no complex were formed would be
540 + 224,4 • 764,4 p mhos ,

This represents the sum of the initial

conductance plus the contribution from the AgN03 added,

This value

agrees well with the reading at point 10 on the water blank curve.
The nitrate contribution to the overall specific conductance at
point 10 ml of AgN03 is obtained from the proportion:
61.7 N03
1
2 x to-3

; J\ NO)

•

123,4 p mhos

33

If only Ag+ were added to the solution, then the specific conductance of the mixture, if no complex were formed , would be: (Q)
764,4 - 123,4 • 641 !J mhos
If the nitrate contribution to the conductance is subtracted from
the actual reading at point 10 ml, after complexing, we find:
57! - 123,4 • 447,6 p mhos
which corresponds to the conductivity reading after complexing, if only
Ag+ were added,
The ratio 447 , 6/641 represents the fraction of the total added Ag+
which is bound to GMP ,
447,6

X

1,67
641

X

10-3

• 1.17 x 10-3M Ag+ bound to GMP

(1.67 - 1.17)!0-3 • 0,5 x !o- 3 M free Ag+
(2.5- 1,17)10-3 • 1.33 x 10-3M free GMP
and

(Ag-GMP)
(Ag) (GMP)

Kt

1.17x10-3
1,33 X 0,5 X 10-6 • 1,75

X

10

3

Silver Binding to Ribonucleic Acid
Phosphorus analysis
RNA is a polynucleotide, and each nucleotide unit contains one
atom of phosphorus.

Therefore, the phosphorus content was determined.

This provides a convenient and efficient means to express concentrations
of RNA in terms of moles of phosphorus,

The mean values obtained from

triplicate determinations were 8,29, 7.78, 8,40 and 8,08 percent phosphorus in RNA.
limits is 8,05

The mean of these values with 95 percent confidence

t

0,37 percent phosphorus.
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This figure will be used throughout this thesis to express RNA
concentrations in terms of phosphorus.
Conductometric titrations
The silver ion binding to RNA was determined by conductometric
titration methods, at a pH of 5, 6, and 7.
summarized in table 3.

The results obtained are

Three determinations at an initial pH of 7,

with an initial volume of 50 ml, gave consistent values for Ag+fp from
0.64 to 0, 66 ,

The pH depression varied from 2, 7 to 3.9 pH units, de-

pending on the amount of RNA t i trated .

One run at initial pH of 7 . 50,

with an initial volume of 60 ml, gave a molar ratio of 0.67.

The de-

flection points in the conductivity versus the added volume of AgN03
(0,01 N) were very clear.

The mean value, with 95 percent confidence

limits, is 0, 658 t 0,019 for Ag+fp.
Four determinations were conducted at an initial pH of 6, and an
initial volume of 50 ml .

The pH dropped in a range from 2.90 to 3.90.

The values for Ag+fp run from 0,63 to 0,67 .
cent confidence interval, vas 0,655

!

The mean

vatu~

with 95 per-

0, 02 for the stoichiometric ratio

of silver to phosphorus.
The RNA-Ag complex with stoichiometry of 1: 3 (Ag+fp) vas the first
complex to be detected in the very early stages of this investigation.
It was the object of a more intense investigation,

Some 60 titrations

were conducted at an initial pH ranging from 5,00 to 5,50,
volume was also varied from 35 to 50 ml.
titrations are recorded.

The initial

In table 3 only 13 typical

ln these 13 titrations, the pH drorped to
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Table 3. S llver binding to RNA determined by conductometric
titration
Initial
Ex pt.
RNA
Initial
Final
Final
No,
(m moles P)
volume
volume
pH
pH
0,05
7,00
50 1111
64 ml
4.3
I
0, 13
50
7,00
3,10
2
75
0,13
50
7,00
64
3,20
3
0,36
60
120
4.95
4
7.50
5
6
7
8

9
!0
11
12
13
14
15
16
17
18
19
20
21

Ag+fp

0,64
0,66
0,66
0,67

0,05
0,13
0.13
0,13

50
50
50
50

6,00
6,00
6,00
6,00

64
75
70
70

3,90
2,90
2,93
2,95

o. 63
0,67
0,66
0,66

0,!04

40
40
40
35
40
35
50
50
50
50
50
50
50

5,45
5,45
5,45
5,00
5, 00
5, 00
5, 00
5, 00
5,!0
5,50
5,50
5.30
5,50

55
57

3,00
2, 80
3.00
2,80
3,20
3,00
3,00
3, 30
3,18
3.22
3,30
3, 28
3,40

0,31
0,31
0,34
0,33
0, 33
0,31
0,33
0, 33
0.32
0,32
0,32
0,32
0,32

o. 208
0.104
0,456
0,391
0, 456
0,651
o. 260
0,412
0,169
0,393
0,393
0.163

55
74
65
60
90
75
75
70
70
72
85
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values which ranged from 2.80 to 3,40, depending on the amount of RNA
titrated and on the initial pH,
dence limits, comes to 0,323

!

The mean

valu~

with 95 percent confi-

0,006 for Ag+jp,

The results shown in figure 6 represent the plots of specific conductance against the volume of 0,01 N AgN0 3 added at initial pH of 5, 6
and 7.

The deflection points are clear in all eases,

The depression in pH of a solution containing 100 p moles of RNA(P)
in 50 ml deionized water, at initial pH of 7,1, upon addition of 0,01 N
ml at a time, is represented in figure 7,
Silver binding to formaldehyde-treated RNA
Treatment of RNA with formaldehyde ( 15) resulted in formation of
Schiff bases at the amino groups of the purine and pyrimidine bases in
RNA,
To investigate whether the amino groups in RNA are involved in the
complex formation at pH 5, the formaldehyde-treated RNA was conductometrically titrated with silver nitrate ,
out,

The mean value was 0,302,

Four determinations were carried

The difference from 0,330 corresponds

to approximately 10 percent of the silver bound to RNA(P).

This indi·

cates that 10 percent of the silver is attached at amino groups (37).
Ultraviolet absorption spectra of RNA and RNA-A&
The ultraviolet absorption spectra of RNA in the presence and the
absence of silver nitrate were determined,
5 x 10· 5 M (phosphorus),

The RNA concentration was

The silver ion concentration in one case was
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Conductometric titration of RNA with silver nitrate.
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Depression in pH upon addition of silver nitrate to RNA.

"'00

3.3 x 10•5 M, and In the other determination It was 1 x 10~.

These

concentrations of Ag+ correspond to 0,66 and 3(0,66), the concentra•
tlon of RNA(P) .

The final pH of these solutions was adjusted to 7,0,

The results are shown In figure 8,
There Is a slight hypochromlclty exerted by RNA•Ag (0,66) and a
slight hyperchromlclty by RNA-Ag (3 x 0,66).

In both cases the max•

lmum absorption band shifted about 7 mu towards longer wavelengths,
Absorption spectra were also determined for a series of solutions In which the RNA concentration was maintained constant, while
the silver concentration was varied (54).

The method of continuous

variations for identification of a complex was also followed.

The

maximum absorption was plotted against the mole fraction of silver,
Ag/AgtRNA.

This plot Is shown In figure 9,

The Intersection of the

tangents to the legs of the curve corresponds to a molar ratio of
Ag to P of 2/3, or 0,66,
Infrared spectra of RNA and RNA•AS
Infrared spectra were determined for RNA and RNA•Ag.
of RNA•Ag were separated from solutions at Initial
respectively.

pH 1 s

The s ..ples

of 5 and 7

These spectra are shown In figure 10.

The RNA spectrum presents two distinct absorption peaks in the
region of 1600 to 1800 cm·l.
cm•1,

They are located at 1630 cm·l and 1690

In the 3000 cm•l region, RNA shows one major band at 2920 cm•l

with two smaller peaks at 2850 and 3030 cm·l.
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Ultraviolet absorption spectra of RNA and RNA•Ag.
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Figure 9. Identification 'of RNA-Ag complex by the method
of continuous variations.
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The RNA-Ag obtained from a reacting solution with an initial pH
of 5 gave a spectrum that differed from the RNA spectrum only in the
region of 1600 to 1800 cm·l.

The band originally at 1700 cm·l vanished

completely, and one major peak at 1640 cm·l, with a small shoulder at
1600 cm·l, which also showed in the RNA spectrum, appeared.

The region

at 3000 cm·l remained unchanged.
The complex separated from a solution with an initial pH of 7 presented a spectrum which essentially followed the same pattern as the
spectrum of the first complex.

A major peak appeared at 1630 cm·l, with

a small shoulder at 1600 cm·l.

However in the region of high wave num-

bers (3000 cm•l) another change appeared.

The two small bands originally

at 2850 and 3030 cm•l almost disappeared, while the major peak at 2920 cm·l
remained intact.
The phosphate group with diester linkages exerted two characteristic
bands at 960 and 1060 cm·l.

These two bands were predetermined on the

spectrum of dibasic potassium phosphate.

The position of these bands

did not differ in the spectra of RNA and of the two RNA-Ag complexes.
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DISCUSSION
Nucleoside&, Nucleotide& and Related Compounds
The formation of complexes of guanosine, GMP, inosine, IMP, and
theophylline was further demonstrated by the significant changes in
their ultraviolet absorption spectra,

Since the ultraviolet absorption

of the examined nucleosides and nucleotides resulted from the purine
bases, the changes in the absorption spectra strongly indicate that the
site for silver in the complex is very likely in the purine base,

This

change in the ultraviolet spectra in the case of guanosine , GMP, inosine,
IMP, and t heophylline might indicate the i nteraction of the s i l v er atom
with the pur i ne ring at the site of N(7), thus interrupting the orig•
inal 11-orbital system of the ring,

The compounds that did not interact

with silver ion showed no hypochromicity at the wavelength of maximum
absorption (figures 3a and 3b),
The phosphate moiety as a feasible site was eliminated because
guanosine and inosine, which do not contain phosphate groups, also formed
a complex compound with silver ion,

In each case where complexing occurred

between silver ion with GMP or IMP, a stoichiometric amount of hydrogen
ion was released.

The hydrogen atom cannot be derived from the primary or secondary
hydrogen of the phosphate group,

In our experiments, the pH of the orig-

inal nucleotide solutions was fixed to 7,0, where both the primary and
secondary phosphate groups are already ionized,

Moreover, guanosine, ino-

sine and theophylline, which do not have a phosphate group, also released
hydrogen ion on complextng,
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The structures of guanosine and inosine are very similar; they differ
only in the groups at C(2).

But since both of these nucleosides complex

with silver, the probable site for complexing would likely be in a group
other than at C(2).
Uridine interacts very little or not at all with silver.

These

facts suggest that the five-membered portion of the purine base (see
dot-enclosed structure below) might be somehow involved in the complexing
process.
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The possibility of N(9) being the site for silver binding was ruled
out, as this atom is connected to ribose in both nucleosides and nucleotides.
In caffeine, the positions N(l), N(3) and N(7) are bound to methyl
groups.

The carbonyl group at C(6), which corresponds to the carbonyl

group in guanosine, GMP, inosine, IMP, and theophylline, is retained.
However, caffeine did not interact with silver ion.

The only difference

in structure between theophylline and caffeine is the group at N(7).
Considering these facts, it is likely that silver atom attaches to N(7)
in guanosine, GMP, inosine, IMP, and theophylline.
Although guanosine, GMP, inosine, IMP, and theophylline formed a
silver complex, the structure of Ag-theophylline is probably different
from that of the others.

In the case of guanosine, GMP, inosine, and
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IMP, the replaced hydrogen ion was probably derived from the enolic
hydroxyl at C(6), or from the hydrogen at N(l) (figure 11).
atom may bridge between the oxygen atom at C(6) and N(7).

The silver
This conclu-

sion can be drawn from the results of the infrared studies.
Blout and Fields (4) studied the infrared spectra of the purine
and pyrimidine bases and of some purine derivatives.

Besides the bases

of nucleic acids they examined xanthine, hypoxanthine, theophylline, theobromine and caffeine.

They found that the compounds with one or two car-

bonyl groups exerted an intense band in the region of 1680 to 1720 cm·1.
They assigned this band to the C•O stretching vibration.

Other bands

at 1610 and 1555 cm· 1 were assigned to C•C and C•N stretching modes in
the purine ring system.

Epp, Ramasarma and Wetter (11) attributed the

distinct absorptions at 1685 cm•1 for ITP and IDP, and 1680 cm·1 for IMP
to C•O stretching.

In the case of guanosine, GMP, inosine, and IMP, a

band corresponding to the carbonyl stretching disappeared or shifted upon complexing with silver.

Although theophylline combined with silver,

no such diminution effect was observed for this band.

This indicated

that the carbonyl group in theophylline was relatively intact after
interaction.

The replaced hydrogen atom could not be derived from the

enol group at C(6), as there is no tautomeric form for theophylline, be•
cause of the methyl group occupying N(1).

Therefore, the proton released
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Structural formulas of the compounds investigated.

G Theophylline

"'...,

,\I,.

~1-\1.

~'lc~_..H~

N~'c--''\.

II

I

»C.~/ c.~/
0

tl

~

H

0

1

II

otl

"

t+
~

oil

0

@

llodc
o
H

1-\

t-1
o~"

"

I
II
c-1\
t·V~I'I,-c.~/

'\!t:-H

~o<:~~

t+o,QH,
0 ot+

..

1-(0-~-oH

o>i

I

0>1

Nth

tHl"l
I

I
c

N~

"'~ '-c~'"'
r
11

c..

o"' "-..n/

~w~ G
Otl

I

(- ti

HoVuo~
ol\

Figure llb.

c

......... C H

\J

o"C....... li ,.......c.

\4o~o
tl

H

H

@

J

Adenosine

K

AMP 3'

L

Cytidine

M

CMP 3'

()

P- 0

1

Ho-

oH

or\

N Ribose

Structural formulas of the compounds investigated (continued).
~

co

49

was very likely the hydrogen atom at N(7).

The following mechanism is

proposed:
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This view can be supported further by evidence also obtained in
the infrared study (figure 4c).

In free theophylline, the oxygen atom

at C(6) was belleved to be hydrogen bonded to the lmlro hydrogen at N(7).
On combining with silver, the hydrogen bond was broken as shown ln the

above structure.

The change ln the infrared spectra after addition of

silver ton, in the region of 2300 to 3000 cm•l seems to reflect this
mechanism.
From the evidence presented above , it appears logical to propose
the location of t he silver at om in the guanosine, GHP, inosine, and IMP
silver complexes as shown in figure 12 (V).
It is interesting that the metal complex tends to form a flve•
membered ring.

This is the case with guanosine, GMP, inosine, and IMP.

This type of pentacyclic structure involving a metal atom is not uncommon.
For instance Ropars and Viovy (38) proposed the structure for Cu-guanosine
and Cu-GMP complexes as follows:
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A five-membered ring containing metal, oxygen, nitrogen, and two carbon
atoms is represented by heavy lines in the structure.

In the work of

these investigators, hydrogen ion release was not studied.

This is

probably the reason they include the enolic hydrogen in the proposed
structure.
Riboflavin complexes with silver at pH 7 (19), and to account for
this they proposed the following reaction:

Spence and Peterson (43) supported this proposed structure with
evidence obtained by infrared spectral studies.
diminution of the 1645 cm·l absorption.

They observed a severe

This, they explained, resulted

from the disappearance of the 4-carbonyl group in riboflavin, on complexing with silver.

Again, the relationship of oxygen, nitrogen and

silver atoms is quite similar to our system.
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Another similar case was also reported by Phillips, M'uller and
Przystal (36), who proposed the structure of a metal spyropyran complex
as follows:

The metals used were not specified In their communication,

Again the

relative position of nitrogen, oxygen and metal atoms Is the same as In
our system.

Hala (18) recently studying the product of 8-hydroxyquinoline with
silver ion, suggested the following structure:

From the evidence presented above, It appears logical to propose
the location of the silver atom In guanosine, GMP, Inosine, and IMP silver
complexes as shown In figure 12 (V),

The mechanism for the complex for-

matlon takes place either through exchange of a hydrogen atom of the enol
form with a silver atom, or by the mechanism Illustrated in figure 13
(III) and (V),
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Theobromine
From the evidence obtained from the infrared spectra, Blout and
Fields (2) asserted that one hydrogen atom in theobromine is bound to
the carbonyl oxygen at C(6) to give the enol form (figure 4d).

Our

chemical titration method indicated that no silver attaches to theobromine.

However, the study of hydrogen ion release indicated that

one mole of proton was liberated from one mole of theobromine.

This

anomalous result can be elucidated from the following chemical reactions.
When theobromine at pH 7.0 was mixed with silver ton, one mole of
hydrogen ion was liberated, H+/Ag+ • 1, and thus the pH dropped accordingly.

T·OH represents the enol form of theobromine, C(6), where:
T·OH + Ag+~ T·OAg + H+

The chemical method we used is based on the addition of excess of chloride
ion, and the unbound chloride ion is back titrated with standard silver
solution.

Apparently, silver binds weakly to theobromine and could be

removed readily by chloride ion.

Theobromine recombines with proton,

and the pH again takes the original value of 7.0:
T·OAg + c1• + H+~ AgCl + T-OH
Since the only site in theobromine that can release a proton is the
enolic group at C(6), the silver ion probably attaches to the oxygen
at C(6), and does not bridge between the oxygen at C(6) and N(7).

Since

a bulkY methyl group is attached to N(7), it is unlikely that the silver
atom also binds to N(7).

This is supported by the evidence derived !rom

the ultraviolet absorption spectra.

Addition of silver to theobromine

gave only minor changes in the spectra,

This might be explained if we

assuae that the silver is attached to the oxygen atom at C(6), which is
outside of the purine ring,
The slight spectral change in ultraviolet absorption also supports
this view,

The spectra reveal very little disturbance in the rt-orbltal

system of the purine ring,

This indicates that the silver atom does

not bind directly to the purine ring,
The infrared studies also corroborated the above inferences,

The

major peak identified with the carbonyl stretching remained Intact after
interacting with silver ion (figure 4d), although the band narrowed con•
slderably and shifted slightly from 1720 to 1700 cm•l,
to note that theobromine (figure

1~I)

It is important

had one carbonyl group at C(2),

which was unaffected by the interaction with silver ion,

Therefore not

much change was expected at this region of C•O stretching mode,

However,

a more significant spectral change was observed in the region of 2800 to
3300 cm·l, which is associated with OH stretching,

In the theobroaine

spectra three peaks appeared in this region, located at 3050 cm•1, 3130
cm•l and 3200 cm·l,

After interaction with silver ion, the last two

peaks disappeared completely, and the intensity of the band at 3050 cm•1
was very much reduced,

This change in this region of the infrared spec•

trum may be interpreted as reflecting the enolic hydrogen displacement
by silver ion,
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From the evidence presented on the preceding page it appears rea•
sonable to propose the following structure for the Ag-theobroaine
compound:

Stability of GMP•As Complex
The value obtained for the stabil ity constant of GMP·Ag complex,
Kf • 1,75 x 10 3 , indicates that the complex is quite stable .

The stabil•

ity constant for GMP-Cu was determined by Ropers and Viovy (38).
reported a value of 12.5 x 103 •

They

Albert (1) also reported the values

6.31 x 103 and 1,59 x 103 for the stability constants of guanosine-Ni
and guanosine-Co, respectively,

It is clear that the value for the for-

mation constant of GMP-Ag agrees, in order of magnitude, with similar
complexes described in the literature.
Some of our assumptions in this method for determining the stabil•
ity constant of the Ag-GMP complex, imply the introduction of some
error,

We thought that the appearance in the reacting solution of any

ionic species through hydrolysis, dissociation or substitution in the
course of the titration would contribute a negligible increment to the
specific conductance of the solution,

It was assumed that there is no

major change in the ionic composition of the solution other than that
derived from the addition of silver nitrate,

As the silver solution is
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added, the ionic strength of the reacting solution Increases, and transference numbers for the various tons present may be modified,
The f ollowing calculation will give an Idea of the magnitude of
error Introduced by our assumption that the contribution to the conduc tance of the solution by the hydrogen ton released is negligible,
The reactions that take place In the reacting solution at pH 5,5
may be represented as:
GMP + Ag+ -

GMP-Ag + H+

The initial pH of the solution was 6,95, and the pH at point 10 ml
is 5,5,

The pKa for the first hydrogen is 0,7, for the second 5,9,

At pH 5,5 the hydrogen ion concentration is 3,163 x 10·6 M,

The

specific conductance of H+ at this pH is calculated as follows:
314
1

•

X

3,163 ~ 10-6

x • 0, 99 p mhos

This contribution to the specific conductance of the solution by ,t he
protons released by addition of 10 ml of silver nitrate solution lintroduces an error of approximately 1,5 percent in the numerical value of
the binding constant for GMP-Ag,
Silver Complexes of RNA
The interaction of RNA with silver ion was established from conductometric titration and ultraviolet absorption spectra studies.

The

significant pH depression of RNA aqueous solutions upon addition of
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silver ions also supports this assertion.

The bathochromic effect ex•

erted by RNA-Ag (Complex II) as well as a significant hypochromicity
indicate some configurational change caused by the interaction with
silver ion.

The conductometric titration curves clearly showed a de-

flection point, after which the specific conductance increased at the
same rate as in the blank.

This sudden change in slope of the titration

curves reflects the termination of a reaction.

Therefore, the conclu·

sion follows that silver ion does combine with RNA.
The continuous variation method for complex identification as well
as the results from conductometric data and infrared spectra studies
provide sufficient evidence to establish the formation of two distinct
complexes of RNA with silver ions within the range of conditions of this
study.

The first complex has a stoichiometry of one mole of silver ion

to three moles of nucleotide phosphorus, at an initial pH of 5 (Complex
I, Ag+/p • 0.33), and the second complex has a molar ratio of two moles
of silver ion for every three moles of phosphorus in the RNA chain, at
pH 7 (Complex II, Ag+/p • 0.66).

The formation of these complexes occur

without any apparent precipitation.
presents s light pink coloration.

The solution containing complex II
The RNA-Ag solutions tend to darken

on standing.
Yamane and Davidson (53) studied the complex formation of DNA with
silver ions, and reported the formation of two complexes of DNA-Ag.
Their first complex forms in a Ag+/P ranged from 0 to 0.2, with no lib·
eration of protons, and the second DNA•Ag formation occurred in the

range of 0.2 to 0.5 Ag+/P, with a total hydrogen ton release of 0.69
equivalents per mole of silver

boun~:

:

Edelman at al (8) separated microsomal nucleoprotein (RNAP) and
studied its interaction with Hi+.
binds to the RNA moiety.
complex is 0.3.

They found that all the magnesium

The stoichiometry they reported for this

Conductometrlc titration of denatured DNA with M~+

showed a strong binding up to 0.7 equivalents of M~+ per nucleotide
phosphorus.
In the formation of RNA•Ag complex I, the pH of the solution
dropped on the addition of silver ions.
protons i n the process of complexlng.

This indicates a release of
From the results obtained with

guanosine and GMP, it appears likely that silver binds to the N(7),
bridging to the enollc oxygen at C(6), and releasing one hydrogen ion.
Yamane and Davidson (52), in their studies of DNA mercury(II) and DNA
Ag(I) systems, concluded that the N(7) of the guanine nucleus is involved in the binding of these metal ions to the DNA molecule.

Girl

and Rao (17) also recognized N(7) as the important site in purine
complexes with cJ:
The ultraviolet spectral changes exerted by complex I clearly
indicate some configurational disturbance of the 1f-orbital system,

I

wh.ch may derive from the binding of the silver atom to the purine ring.
I

The infrared spectrum of RNA-Ag (Complex I) also supports the pro•
posed site for silver binding.

The spectral changes observed follow

the changes exerted by the guanosine and GMP silver complexes.
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I t Is notable that In yeast RNA the guanosine content Is 0.334 moles
per mole of RNA phosphorus.

This figure Is very suggestive as to the ex-

elusive binding site for the silver !on.

However the formaldehyde treated

RNA (37), with the amino groups blocked, bound 10 percent less silver
than untreated RNA.

This 10 percent of the attached silver Is presumably

bound to the amino groups present In some of the component units of RNA.
Simpson (42) studied the Interaction of mercuric and methylmercurlc Ions
with the nucleosldes having primary amine groups.

He found that adeno-

sine, cytidine and guanosine showed a weak binding at the amino nitrogen,
on mercuratlon, with displacement of a proton.

This reaction may be

represented as follows:

where R represents the nucleoside structure.

This weak binding was

found to be Independent of a pH above pH 5, which Indicates that a hydrogen !on Is displaced.
In 1961 Yamane and Davidson (514 studying the formation of adenosineHg, suggested this structure for the complex:
11'111---<1~
I

.

I

"(b,"
S4<><

although they agree that stereochemically, the structure Is not entirely
adequate.
In the case of RNA it appears rather Improbable that a second silver
atom would bind to the amino group of the guanosine unit, after a first
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atom is attached at the N(7) of the guanosine ring.

The two possibili-

ties left for silver to bind at amino nitrogen are adenosine and
cytosine.
From the above considerations, it appears reasonable to propose for
complex

a silver distribution of 90 percent of the silver attached at

N(7) of the purine ring of guanosine, and 10 percent at the amino nitrogen of adenosine and/or cytidine.

Perhaps adenosine should be preferred

according to dissociation constant studies (1) of the various protonated
possible sites in this nucleoside.
The infrared spectrum of RNA-Ag (Complex I) shoved no major change
in the region around 3000 em·1.

In this region are located the bands

attributed to hydrogen bond and enolic hydrogen stretching vibration.
The intactness of the RNA spectrum in this region, after interaction
with silver ion, could mean that in the formation of complex I no hydrogen bond is broken, nor an enolic hydrogen displaced by the silver
ion.

Thls conclusion is in good agreement with what has been previously

advanced concerning the probable sites for silver ion to bind in RNA.
The RNA•Ag (Complex I) isolated in crystalline form by slow evaporation at 60 to 70

c, under reduced pressure,consists of fine scalar

greenish yellow crystals.
studies.

These crystals were used for the infrared

This crystalline product also has a brilliant luster.

The

isolation of a crystalline RNA·Ag complex confirms the occurrence of a
chemical species of RNA-Ag, in which the molar ratio of nucleotide
phosphorus to silver is 3:1.
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As to the second complex of RNA-Ag, conductometric measurements
definitely showed that the stoichiometric proportion of silver to nucleotide phosphorus (mole to mole) is 2:3.

The Yoe and Jones (54)

method for the identification of complexes also confirmed this molar
ratio.

This complex forms at an initial pH of 6 or 7, but not at an

initial pH of 5.

The conditions for formation of complex I and complex

II differ only in the hydrogen ion concentration of the reacting media.
This is reasonable evidence that the protonated sites in the RNA molecule are strongly suppressed in their dissociation at initial pH values
of 5.50 and below, thus obstructing the binding of silver ion to RNA.
Now we point out that protons are liberated from the initial stages of
the complexing reaction and the pH drops drastically.
more the binding of silver ion to RNA.

This limits still

In a typical conductometric

titration at initial pH 5, the pH drops to 2.90.
In the formation of complex II, the pH changes from 7.00 to about
4.50.

This value of the final pH in the formation of complex II is near

the value of the initial pH for complex I formation.

Therefore we

assumed that the silver binds to RNA and the pH drops until a point is
reached where conditions are adequate for complex I formation, namely
a pH of 5.

Silvering proceeds without interruption or distinction while

extending into the terrain of complex I formation, until all the available sites are saturated.

In other words, complex II may be considered

as incorporating complex I.
The spectral changes in the infrared of RNA-Ag (Complex II) in the
region around the 3000 cm·l wave number, are very significant.

The two
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bands, originally at 2850 and 3030 cm•l, respectively, disappeared.
region is associated to the hydrogen bond stretching vibrations.

This

The

disappearance of these bands may mean that the hydrogen bond is disrupted
when the silver binds to RNA.
It has already been pointed out that the RNA macromolecule is a very
long chain which is apt to, and very probably does, wind up in itself,
forming a spiral configuration in three dimensional space.

Many special-

ists in this field maintain this view, and if this is true, it is probable
that adequate pairs of bases would come near enough to permit hydrogen
bonding.

As a silver ion comes in the RNA solution, it ls apt to disrupt

these hydrogen bonds, displace the proton and attach to the nitrogen
atom.

Jensen (23) reported that silver binds at least 100 times more

strongly to DNA than to any of the nucleotides.
a similar behavior in the case of RNA.

It is logical to predict

This means that silver binds

quite strongly to RNA, and it is not surprising that Ag+ breaks hydrogen
bonds in clearing and preparing favorable sites for binding.

Apparently,

this does not occur in the formation of complex I.
The amount of silver bound in complex II is twice the amount attached
to RNA in complex I.

However we cannot conclude that complex II is made

up of two complex I units.
The treatise

The~~

(6) gives the nucleotide composition

of yeast RNA per atom of phosphorus, as follows:
adenosine

0.275

cytidine

0.212

guanoaine

0.334

uridlne

~-
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Again, the sum of the first two nueleosides, 0,609, is very near
the value for the ratio Ag+fp in complex II.

Unfortunately we are unable

to assert to what extent adenosine or cytidine are involved in the com•
plexing mechanism.
Neither Jensen (23) nor Yamane (53) were able to suggest a structure
for the Ag-DNA and Hg-DNA complexes that would satisfy all the findings
of their investigations.

In our ease also, we can only assert that in

both complexes I and II of RNA-Ag, the N(7) of the purine moiety in
guanosine is the site occupied by silver, to saturation, and the other
50 percent of the bound silver is distributed between adenosine and
cytidine.

SUMMARY

The interaction of silver ion with nucleotides, nucleosides,
the methylated purines and yeast ribonucleic acid was studied.

Con-

ductometric and chemical titrations, hydrogen ion release and spectrophotometric methods were employed in this investigation.

The results

obtained with nucleotides, nucleosides and the purine derivatives
indicate that guanosine, guanosine monophosphate, inosine, inosine
monophosphate, theophylline, and theobromine combine in unimolar
ratio with silver, releasing one equivalent of hydrogen ion per atom
of silver bound.

Caffeine, ribose, uridine and uridine monophosphate

gave negative or very low results.
With guanosine, guanosine monophosphate, inosine, inosine mono-

'

phosphate the infrared spectral studies revealed that the absorption
band in the vicinity of 1700 cm·1 disappeared almost or completely
after complexing with silver.
stretching mode.

This band is associated with the

c-o

It is concluded that the carbonyl at carbon 6 goes

to the enol form, and silver bridges between nitrogen 7 and the
oxygen at carbon 6, replacing the enolic hydrogen.

In theophylline

silver appears to bind at nitrogen 7 without bridging to the oxygen.
The binding constant for guanosine monophosphate-silver complex
was calculated from conductometric data.
indicates good stability of the complex.

The value found, 1.75 x 103,
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Ribonucleic acid in the range of experimental conditions examined
was found to form two complexes with silver.

The first complex contained

a molar ratio of one mole of silver for three moles of phosphorus, and
the second contained two moles of silver for every three moles of phosphorus.
Complex I forms at pH 5 • 5.5, and complex II at pH 6 and 7.

There

is hydrogen ion released as silver binds to RNA in the formation of
both complexes.
Treating ribonucleic acid with formaldehyde, causes a reduction
of 10 percent in the molar ratio of silver to phosphorus in complex I .
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PEROXIDASE-LIKE ACTIVI TY OF HAEMUNDECAPEPTIDE
PREPARED FROM HORSE HEART CYTOCHROME

£

INTRODUCTION
Peroxidases are characterized by the ability to catalyze the
oxidation of certain organic compounds by hydrogen peroxide.
These enzymes are found abundantly in higher plants.

The root of

the horseradish and the latex of the ficus species are very rich sources
of peroxidase.

A few of the many organisms in which they have been

detected are : asparagus (8), cranberries (15), spinach (18), onion (47),
sweet corn (47), certain protozoa (41), bacteria (4), and fungi (36) .
The physiological role of peroxidase has not yet been clearly
elucidated,

It is thought that in plants these enzymes may catalyze

the oxidation of metabolites by means of hydrogen peroxide produced In
.. the direct reaction of reduced flavins with oxygen.

In wheat germ a

peroxidase appears to be involved In the oxidation of reduced nicotineamide adenine dinucleotide phosphate (NADPH).
At one time it was thought that perox!dases were omnipresent in
animal tissue.

However this is not so.

In humans, peroxidase has been

detected in saliva (35), adrenal medulla (19), mammary glands (1), and
leukocytes, thyroid tissue

(33), and probably In liver and kidneys.

The first recorded peroxidase reaction dates perhaps back to 1809, when
a "bluing" coloration was observed in the mouth of patients treated
with guaiacum locally as tooth pain reliever or as dentifrice.

The

salivary peroxidase catalyzed the oxidation of guaiacum.
The peroxidases are conjugated proteins with a prosthetic group
of iron-porphyrin or haem.

These enzymes belong to a group of haem-
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derivatives that are profusely distributed in plants and in some higher
animals.

Haemoglobin, haemattn, the cytochromes, peroxidase and cata-

lase are some members of this group of haempolypeptides endowed with
varied enzymatic activities.

The central metal atom in the haem moiety

is iron, in the ferrous or ferr ic state.
Linossier (30) isolated peroxidase for the first time in 1898,
and introduced the name peroxidase.

This occurred fifty years after

Schonbein (42) had reported that the oxidation of certain organic compounds by dilute solutions of hydrogen peroxide could be catalyzed by
substances present in plant and animal tissue.

However he considered

both the decomposition and the activation of H2o2 as originating in the
same substance.

Chemical Properties of Horseradish Peroxidase
Horseradish

peroxidas~which

probably has been studied more than

any other peroxidase, has a molecular weight of about 40,000, by the
study of Kellin and Hartree.
weight of 44,000 was reported,

According to Theorell (46) the molecular
Its iron content is 0,127 percent.

It

is made up of a colorless protein, the apo-enzyme, combined with an
iron-porphyrin, the protohaematln IX.

The polypeptide portion consists

of some !6 amino acids, among which are cysteine and methionine.

It

also contains a carbohydrate fraction linked to the protein as a glucoprotein.

The enzymologists working in this field are not in full

agreement as to the specific carbohydrates incorporated in the peroxidase particle; some report the finding of two or three hexoses, while
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others assert the presence of uronic acid,
The central iron has six coordination positions.

Four are occupied

by the pyrrole nitrogens of the porphyrin nucleus, and the fifth by a
protein group,

The sixth position can be occupied by water or any other

suitable molecule or ion.

It appears probable that peroxidase operates

by exchange of groups in this sixth position.
Ferriperoxidase can be reduced by dithionite to ferroperoxidase.
Ferriperoxidase reacts reversibly with cyanide, fluoride, azide, hydroxylamine and nitric oxide, to form compounds that can be recognized
spectroscopically.
The ultraviolet spectra of peroxidase in 0,01 M phosphate buffer,
pH • 7,0, show the typical maximum absorption band, like other haemproteins, at 397

mp.

This peak is known as the Soret band.

form, or ferroperoxidase, exerts two more bands,
520

~

~

and

The reduced

r • at 550 and

respectively.

Horseradish peroxidase is inhibited by cyanide and sulphide ions
at concentrations of 10·5 - 10·6 M.

Inhibition by fluoride ion requires

.uch higher concentrations,
Horseradish peroxidase resembles methaemoglobin.

They have the

same reddish brown color, and their absorption spectra are very similar.
Their color changes from brown to red at higher pH,

Both interact with

the common peroxidase inhibitors like cyanide,
One category into which substances that possess the ability to
catalyze oxidations by H202 are grouped, is the true peroxidases,
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They are haemproteins, naturally occurring and having similar structures
and mode of action.
The type of reaction catalyzed by peroxidase may be represented as:
peroxidase
where AH2 is the hydrogen donor, and A its oxidized form.

There are

numerous synthetic compounds that may serve as hydrogen donors.

However,

in the majority of them it is not clear yet what are the products formed,
nor the mechanism or the stoichiometry of the reaction.
substances are: pyrogallol,

~and

Some of these

£-dianisidine, mesitol, £•fluoroaniline,

dimethylaniline, 4-methoxy-2, 6-dimethylaniline, £•toluidine and many
other aniline derivatives.

Among the natural occurring hydrogen donors

OJ\e expects to find a large number of intermediate metabolites derived
from the protein and carbohydrate metabolic degradation.

Ascorbic acid,

dihydroxyfumaric acid and hydroqulnone derivatives, the cytochromes
and some of the aromatic amino acid derivatives would enter into this
group.
The work of Chance (6) and George (13) have established by spectrophotometric methods the formation of compounds between hydrogen peroxide
and peroxidase.

In the history of biochemistry this Is an Important

step, since these compounds were the first observable "enzyme-substrate
complexes."

Peroxidase in the ferric state reacts with hydrogen perox-

Ide In a second order reaction to form Compound I.

This latter may then

undergo a one-electron reduction by a hydrogen donor, yielding Compound
II, and finally Compound II undergoes another one-electron reduction
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by a hydrogen donor, regenerating ferriperoxidase.
Horseradish peroxidase when treated with acetone-HCl at ·15 C
dissociates into the iron-porphyrin, which remains in solution, and
the protein portion which precipitates out.

The protein alone is

catalytically inactive, but if haemin is added to a solution of the
protein at pH 7.5 the peroxidatic activity is restored.

Peroxidase

is therefore a protein comparable to methaemoglobin, in which the
iron is also in the ferric state.
Statement of Problem under Investigation
There are yet many obscure aspects in the biochemistry of peroxidase catalysis.

Active center, mechanism of the oxidation reaction,

fate of the hydrogen donor, role of the polypeptide chain in true
peroxidases and other numerous facets of the peroxidase problem are
yet to be elucidated.
In any chemical investigation of macromolecules in heterogeneous
systems it is always preferable to simplify the system as much as it
might be permissible without distorting the objective.

And whenever

possible, investigation on smaller molecular species is highly desirable.
Following this trend of reasoning it was considered appropriate to examine a haempeptide of a relatively low molecular weight, obtained from
cytochrome

£ by digesting off 93 amino acids.

retained the very important haem moiety.

However, the preparation

Ob!ectives
1.

To prepare and separate in a purified state a haemundecapeptide

from horse heart cytochrome
2.

~·

by peptic digestion.

To determine the peroxidase-like activity of the haemundeca-

peptide under different conditions.
3.

To make comparative studies of haemundecapeptide with horse-

radish peroxidase in inhibitory systems.
4.

To investigate the catalase activity of haemundecapeptide.

5.

To determine the activation energy and optimum pH of haemundeca-

peptide.
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REVIEW OF LITERATURE
The haemprotelns occur widely In nature.
of plant and animal tissue.

They are found in cells

Peroxidase, catalase, oxidase, haemoglobin,

haematin, and the cytochromes are some of the compounds in this group.
They contain haem as a prosthetic group.

Their differences appear to

be in the lateral chains or groups at various sites of the tetrapyrrole
nucleus.

The polypeptide or apoenzyme portion differs widely from one

enzyme to another.

This dissimilarity may arise from the amino acid

sequence and/or the length of chain.

Other differences may appear in

the secondary and tertiary structures, as well as in the sites and type
of bonding involved In the linkage between polypeptide and porphyrin
nucleus.

The peroxidase activity and the characterization of these

haempolypeptldes have been reported by numerous workers.
In the early days of peroxidase research Willstatter (52) introduced
a unit of measure for the peroxidatic activity in terms of the amount of
pyrogallol oxidized to purpurogallin, per milligram of peroxidase preparation.

He designed this unit the Purpurogallin Number, or P.N. (P.Z.

in german).
Bancroft and Elliot (5,p. 1917) have reported the relative activity
as purpurogallin number of the following haemproteins:
Horseradish peroxidase

1,000,000 P.N.

Denatured globin haemichrome

35 P.N.

Haemoglobin

16 P.N.

Pyridine haemichrome

4.5 P.N.

Haematin

1.6 P.N.
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It is to be noted the very low activity of the five haemprotetns
given above as compared to the activity of horseradish peroxidase.
There are numerous hydrogen donors that are utilized in studying
the peroxidase activity of haematln compounds.
advantages over others.

Some of them offer

Pyrogallol, phenolphthaleine and leuco dyes,

iodide ion and ascorbic acid are but a few hydrogen donors commonly
used.
The peroxidase activity of haemoglobin was first demonstrated by
deMoitissler (9).

This behavior of haemoglobin is utilized to detect

it in electrophoretogram&.

A mixture of benzidine, sodium nitroprus-

side end hydrogen peroxide in water serves as a stain for haemoglobin.
Glavlnd (14) reported that pyridine haemichrome, in presence of
hydrogen peroxide or alkyl hydroperoxides, act as peroxidase towards
leuco-malachite green or leuco-dichlorophenol.

This observation has

served as basts for a quick test for hydroperoxides.
It was demonstrated by Kellin and Hartree (22) that catalase
also exerts some peroxidatic activity at extremely low concentrations
of substrate.

It appears that peroxidase activity will show only when

the catalase effect has been brought to a minimum by the conditions
of the experiment.
Kellin and Hartree (22) also reported that when catalase and
ethanol are added to a system in which hydrogen peroxide is produced,
the alcohol is oxidized to acetaldehyde, as follows:
CHJ•CH2•0H + H2o2

catalas$ CHJ·CHO + 2 H20
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This reaction corresponds to the type catalyzed by peroxidase, and therefore it is evident that catalase and peroxidase are more similar In their
mode of action than had been thought previously.

However horseradish

peroxidase does not catalyze the oxidation of ethanol to acetaldehyde
by hydrogen peroxide.
Very recently Radhakr!shnan and Sarma (40) isolated a peroxidatlcally
active product from a peptic digest of ox liver catalase.

The active

product has 15.3 percent nitrogen, and 0.21 percent !ron.

It contains

248 amino acid residues per mole, and a molecular weight of 27,500,
Cytochrome £ Is of special interest in this contribution, because
the product Investigated was obtained from cytochrome £•

This cytochrome

has been isolated in crystalline form, and has been investigated to a
greater extent than the other cytochromes.

The Iron content of cyto-

chrome£ was determ ined by Margolish (34).

He reported a value of 0,465

percent !ron.

The molecular weight for cytochrome £ currently found in

the literature Is 13,000, which corresponds to an !ron content of 0, 43
percent.

This value calls for one atom of iron per molecule of cyto-

chrome £ o

Kellin (21) , who discovered the cytochromes, was the first to detect
a peroxidatic effect of cytochrome £ in the peroxidatlon of guaiac, benzidine and £-phenylenediamine.
results .

Flatmark (11 and 12) confirmed these

He studied the peroxidation of pyrogallol to purpurogallin

catalyzed by cytochrome £, and concluded that the behavior of cytochrome
£satisfied the criteria of an enzymic reaction, which fitted the properties
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of a true perox i dase .

It showed a defini te pH optimum at 3.5, and was

a linear function of the conc entration.

Its activat i on energy was

determ ined ; its v alue was 22,200 calories per mole, approximately ,
Both the ferro and the ferri-cytochrome

~

gave i dentical resu lts, inas-

much a s the ferrous form Is r apidly oxi d ized to t he triv alent form .

He

also reported the activation ef fect of anions li ke ci tra t e and acetate
on the peroxidat ic effect of cytochrome

~·

Paul and Avi-Dor (39) measured the peroxidase activity of cytochrome

£

and of horseradish peroxidase with mesidine as hydrogen donor,

HRP

gave an absorbance of 0,678 for the peroxidized mesidine which corresponds to 21, 000 moles of the oxid ized compound per mo le of haemin.
The

cytochrome~

system had an absorbance of 0,143, equivalent to 11

moles of compound per mole of haem in.
l ow perox i dati c activity of
Cytochrome
Hogness (2).

~

These figures illustrate we ll the

cyt o c hrome ~·

peroxidase was found in yeast by Altschul , Abrams and

Chance (7) demons trated that although this peroxidase was

v ery active i n c ata l yz i ng the oxidation of cytochrome

~.

it could a l so

c ata l yze the oxidation of other hydrogen donors, like E·phenylenediamine
and as c orbic acid, by hydrogen perox ide,
Peroxidase Activity of Non-haem Compounds
The non-haem compounds tha t have the ability to c a t a lyze oxidation
reacti ons by hydrogen perox i de or other peroxides i n a peroxidase-li ke
fash i on, make up another category of peroxldases,
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These substances may be organic or i norgani c , or metal c omplexes .
Po tassium f err i cyanide, ferritin and a sali cylaldehyde-ethylenediamineferric chloride system all acc elerate t he ox i dation of lumi nol by hydrogen peroxide , as r epor ted by Weber, Rez ek and Vouk (51 ) .
The iron salts of e thylenediaminetetraacetic acid show peroxidaseli ke effect in the ox i dat i on of ascorb ic a ci d , according t o Grinstead
(16).

Mader (3 1) reported t he same behav ior in the peroxidation of

£•aminodiethylaniline.

On the other hand, Kachanova and Purmal (20)

detec ted the formation of two comp l exes of Fe-ethylenediaminetetraacetic
acid, or two different structures for the s ame complex, dependent on
the hydrogen ton conc entration of t he med i a of forma ti on.

One structure

occurred i n ac i d solution, the ot her structur e in alkaline solution.
The structure prevalent in bas ic med ia exhib ited c atalase activity.
Anan (3) has also reported that certa i n c omplex salts of
~

~

Mg , and Mn

behave as model perox i dases towards pyrogallol .

F~+ ,

c3•,

According

to Langenbeck and Oehler (29) the peroxidase activi ties of manganese,
cobalt and ferri c ions are increased considerably by complex ing wi th
sulphosalicylaldehyde-ethylenedi i mtne , or wi th pyr i doxal phosphateethylenedimine, or wi th the Schiff bases der ived from ethylenediamine
and lm i dazole-5-aldehyde.
Certain metal hydroxides , such as ferric, magnes i um, aluminum, zinc
and copper hydroxides, have been shown by Krause and collaborators (26)
to possess a h i gh peroxidatic activity,

Some mixed metal hydroxides

have shown especi ally high peroxidase effect (28) .
sk i ( 24) observed that a solution of

coe 12

Krause and Nowakow-

i n sodium bi c arbonate buffer
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catalyzed the decomposit i on of hydrogen peroxide in the presence of
indigo c armine.

Bicarbonate alone reduced the time for decoloration

of the indigo c armine by H2o2 from 580 to 90 minutes , and cJ+in HC03 buffer reduced it to less than one minute.

The same authors (25) also

studied the behavior of coc1 2 mixed with sodium acetate, and found that
the mixture of NaOAc and CoC1 2 has peroxidase properties.
Siegel (43) reported that eugenol i s converted to a lignin-like
material , only in the presence of certain minerals, su ch as granite.
S i mple metal surfaces have also been inves t i gated and have been found
to possess perox i dati c ac tivity .

Krause and Her rmann (27) reported the

c a t a l y ti c e f fect of p l at i num i n the perox i dati on of benz i dine.
Wi th hydr ogen donor s l ike £•phenylened i am i ne or wi th benzid i ne ,
var i ous aliphat i c a l dehydes have been demonstrated by Woker (53) to
have some activity as peroxidases.

This behavior is currently used in

quantitative and qualitative analyti cal methods for aldehydes.

It is

assumed that the peroxidase activity of aldehydes is the result of the
formation of peracids, or aldehyde

monoperacylates .

Degradation of Cytochrome c by Enzymic Digestion
By peptic digestion of cytochrome

£ Tsou (48) isolated a haempep-

tide which showed only ascorbic acid oxidase activity.

Its amino acid

composition was: alanine, cystine, glutamic acid, glycine, histidine,
leucine, lysine, phenylalanine, proline, threonine, and valine.

Tuppy

and Paleus (504 by a similar and more refined method, isolated a smaller
haempeptide and exam i ned its magnetic and spectral properties.

They
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demonstra t ed that the pept i de chain of their preparation had the sequence :
Val•Glu(NH2)-Lys-Cys-Ala~Glu(NH2)-Cys-H is- Thr-Val-Glu

Ehrenberg and Theorell (10) studied this undecapeptide by means
of models and sedimentation exper iments.
~~helix

They concluded that an

is very probable, with the axis of the he li x parallel to the

plane of the haem.

A covalen t bond between t he histidine imidazole

and the c entr al iron atom was als o established.
also apparently true in cytochrome £•

These conditions are

These workers also detected

po l ymer formation of the undecapeptide in a l kal i ne solutions, while
i n acid solutions they observed the monomer species only.

This poly-

merization is due to intermolecular haemoch romogen bonds, and is reversed
by histidine.
Paleus . Ehrenberg and Tuppy (38) reported that this compound
exhibited a peroxidase-like activi t y which was 20 times higher than
that of cytochrome £•

Rec ently Tu (49) observed peroxidatic activity

of a haemdiglutat h ione.
In haemundecapeptide and haemd i glutathione the viny l side chains
of the protoporphyrin IX are linked by theoether bonds to two cysteine
residues.

This also is the case in cytochrome £•

By changing the c onditions of hydrolysis, or the source from which
the cytochrome£ is derived, it is possible to obtain a haempeptide of
different composition.

Harbury and Loach ( 17) studied spectrophoto-

metri cally and potentiometri c ally the oxidation-linked proton functions
in haemocta and haemundecapeptides.

At values of pH above 7.5, one
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oxidation linked proton is exhibited by the i mi dazole-haemoctapeptide
system .

But three such functions are observed with imidazole-haem-

undecapeptlde.
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MATERIALS AND METHODS
Materials
Horse heart cytochrome £ was type III , produced by the Sigma Chemical Company.

Horseradish peroxidase and imid azo l e were purchased from

the California Corporation for Biochem ical Research.

Cat alase and pep-

sin were obtained from the Nutritional Biochemical Corporation.
peroxide was a 30 percent solution, Superoxol
and Company.

The dye,

~-dlanisidln~was

c.

Hydrogen

P. produced by Merck

a product of the Worthington

Biochemical Corporation.
All the other chemicals used were reagent grade.

Preparation of haemundec apeptide from cytochrome c
The amount of cytochrome

£ weighed was 830 mg.

It was dissolved In

83 ml of deionized water, and 20 ml of 0.3 N HCl were added.
of this solution was 1.55.
added.
to 1.55.

The pH

To this solution 16.1 mg of pepsin were

Some drops of 0. 01 N HCl were required to bring the pH back
The whole was Incubated at 25 C for 28 hours.

The digestion

was t hen stopped by adding 20 ml of 0.3 N NaOH , and the solution was
brought to 85 perc ent saturation with solid ammonium sulfate.
was brought to 8.5.

The pH

The mixture was filtered through Whatman paper

number 1, and the prec ipitate was dissolved In 0.1 N HCl, and the pH
was adjusted to 1.6 with 0, 3 N HCl.
solution was 124 ml .

The total volume of this second

Again 9.8 mg of pepsin were added, and the

solution was incubated at 28 C for 20 hours,

Digestion was halted with

0,3 N NaOH , and enough solid ammonium sulfate was added to bring the
solution to about 85 percent saturation,

The precipitate was collected

by filtration, and dissolved in 100 ml of deionized water, with a few
drops of ammonium hydroxide.

Then 280 g of (NH4) 2so4 dissolved in

500 ml of water were added and centrifuged,

A red precipitate sedimented.

This pellet was dissolved in a minimum volume of 0,05 N NH40H, and
placed in a dialysis bag , and dialyzed against 0.01 M potassium
phthalate buffer, at pH 6, and finally against deionized water.

The

precipitate in the dialysis bag was disso lved in 0, 02 N NH40H , and
ammonium sulfate and trichloro-acetic a cid were added to precip it ate
out the product,

And aga i n It was d ialyzed agains t phthalate buffer

first and water next.
and lyopholized.

The prec i pitate was collected by centrifugation

The yield was about 100 mg (81 percent) .

Further purification was conducted in a Hyflo supercel column ,
using butanol-acetic acid -water as a developing solvent.
effluent was dried in a vacuum desiccator.

The collected

After drying it was dissolved

in 0,05 N ammonium hydroxide, and dialyzed against phthalate buffer and
water.

The solid material was coll ected by centrifugation and finally

lyopholized,

The structure of the preparation is shown in figure 1.

Amino acid analysis of haemundecapeptide
The amino acid analysis of the haemundecapeptide was conducted in
a Beckman Amino Acid Analyzer , Model 120 B.

The sample was subjected
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to acid hydrolysis before entering the amino acid analyzer .
was placed in a glass tube with 6 N hydrochloric ac id.

The sample

A stream of

nitrogen gas was allowed to fl ow in the tube, in order to sweep out
all the oxygen from the system.

Aft er sealing the tube by flame to

ensure a nitrog en atmosphere throughout the hydroly tic process , it was
placed in a constant temper ature chamber at 110 C, and left ther e for
16 hours.

After cooling, the tube was opened and the excess hydro-

chloric acid was removed at room tempera ture under reduced pressure.
The hydrolysate was then dissolved in the proper buffer and fed into
the instrument for complete amino acid analysis.
The instrument records the chromatographic analyses of the amino
acids on a sulphonated polystyrene resin, based on the method devised
by Spackman, Stein and Moore (44).
Tests for pur ity
Electrophores is.

Paper electrophoresis was conducted on the

preparation ob t a i ned from cytochr ome £ digest, to test the purity
of the product.

For this study an i nstrument produced by the Research

Specialties Company was employed .
Whatman number 2 paper , 15 x 52

A rectangular p i ece of chromatography

em~

was placed in the i nstrument , and

wetted uniform ly with the supporting s olvent, 0.05 M phosphate buffer.
The ends of the strip of paper were immersed in the solvent in the two
electrode compartments at the extremes of the instrument.

The samples

were spotted along the med i an, or shorter axis of the rectangular
paper.

A voltage of 500 volts vas applied and maintained for two or

more hours.

The electrophoretogram was dried immediately to avoid diffu-

sion migration.

The distance from the starting line to the center of the

spot was measured and recorded.

It was then sprayed with ninhydrin so-

·lution to detect peptides or amino acid impurities in the preparation.
Paper chromatography,

Paper chromatography was another criterion

employed for testing the purity of the preparation.
descending-solvent, hanging paper method was used,

The conventional
The supporting sol-

vent consisted of the ternary system of n-butanol-acetic acid-water,

4:1:5.
The spotted chromatography paper (Whatman number 2) was suspended
in the enclosed chamber saturated with butano l and acetic acid vapors.
After an ample time allowance for equilibrium to be established between
paper and vapors, solvent was poured into the compartment in which the
upper end of the paper strip was immersed,

The chamber was closed again .

After 6 to 8 hours had elapsed, the solvent front moved about 80 percent
of the total length of t he strip, which had a length of about 50 ems,
The paper was then remov ed from the ch amber , and the position of the
moving solvent front was marked with pencil.

After drying, the chro-

matogram was sprayed with ninhydrin solution in acetone, and heated at
80 C during two or three minutes, to Insure color developing,

Chromato-

grams were obtained of the haemundecapeptide and of cytochrome £•

The

corresponding Rf values were calculated from the position of the sample
spot and the position of the solvent front.
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Determination of peroxidase-like activitv
The effect of substrate concentration on the velocity of the peroxidatic reaction was determined on a series of concentrations of
hydrogen peroxide.

These concentrations were: 0.08, 0.18, 0.42, 0.66,

0. 88, 1.22, and 1.7 mM.
Chance (32) was employed .

The spectrophotometric method of Maehly and
All assays were conducted at room temperature.

The hydrogen peroxide solution was made in 0. 01 M phosphate buffer at
pH of 6. 0.

The blank and the test cuvette contained the same concen-

tration of H2o2 , and 0.05 ml of 1 percent 2 - dianisidine in methanol .
At zero time 0.1 ml of haemundecapeptide or of horseradish peroxidase
solution was added to the test cuv ette, and mixed by inversion.

The

extinction at 460 mu was measured in a Hatach i or a Beckman DU spec trophotometer and recorded every 30 seconds for 4 minutes.

A plot of

peroxidation v e locity, in terms of absorbance change per minute against
hydrogen peroxide concentrati on was constructed.

From this plot it

was established that at conc ent rat i ons of H2o2 gr eater than 0.66 mM
H202 a maximum constant reaction velocity prevails.

All subsequent

assays of enzyme activity of HUP were determined on 0.88 mM substrate
concentration, which lies in the range of zero order kinetics of the
reaction.

The solution of horseradish peroxidase contained 0.4 ug per

ml, in deionized water, and the HUP solution had 0.08 mg per ml, in
deion i zed water or in 0. 01 M imidazole.
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For the inhibition studies the same method described above was
employed.

The peroxidase activity was measured in the presence of

each inhibitor, potass ium and sodium cyanide, and potassium and sodium
fluoride, at various concentrations.

The enzyme activity was calcu-

lated from the equation:
enzyme activity • ,4l 1min/mg sample in cuvette
11.3
where A

i

is the change in ~IIIMe per minute, and 11.3 is the

millimolar extinction coefficient of oxidized Q•dianisidine at 460 mp.
These measurements were made in a Hatachi s i ngle beam spectrophotometer.
Measurement of activation energy
The activation energy A H was calculated from the Arrhenius
equation, integrated form 9 where k is the rate constant:
In k • - AH/RT + constant
At high substrate concentrations the Michaelis-Menten equation

v
v•!<m+l

(s)

reduces to v • k(Et), where (Et) is the total enzyme concentration.
V is the maximum reaction velocity, (S) is the concentration of substrata, and

Km is the Michaelis constant.

When the total enzyme

concentration remains constant, a plot of log V against 1/T will
have the same slope as a plot of log k against 1/T.
A specially devised brass attachment, which maintained a constant
temperature of the solution in the cuvette 9 by a water circulatory
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system, was adapted to the Cary 15 double beam recording spectropho•
tometer, in which the measurements were taken.
Investigation of catalase activity
To 90 ml of 7 mM hydrogen peroxide was added 10 ml of 0.01 M
phosphate buffer, pH 7.0, and 1 ml of 0.1 M imidazole solution contain·
ing 10 or 100fg of haemundecapeptide.
at 25 C for 10 minutes, or for 3 hours.

Such mixtures were incubated
At the end of the incubation

period, 20 ml of 20 percent sulphuric acid were added.
posed hydrogen peroxide was titrated with 0.07 N KMno4 •

The undecomSimilar analyses

were carried out on beef liver catalas e .
Ultraviolet absorption spectra
The ultraviolet absorp t ion spectra of HUP in 0.01 M phosphate
buffer pH 6, with and without imidazole , cyanide or fluoride ions were
determined in a Cary 15 double beam, recording s pec trophotometer, in
1 em silica cuvettes.
20fg per ml.
cases.

The HuP c oncentrati on was in the range of 10 to

The inhib itors were at a concentration of 0.1 Min all

9!

RESULTS
Amino Acid Analysis
The amino acid analysis of the haemundecapeptide, as determined
in a Beckman Amino Acid Analyzer Model 120-B, is as follows:

Table 1. Amino acid analysts of haemundecapeptlde
Allllno acid
Lysine
Histidine
Threonine
Serine
Glutamic acid
Glycine
Alananine
Half cystine
Vallne

Moles found
1.12
1.33

Theoretical
1

1

o.os

1. 32

1

0

2. 90
0.09
0.93

3
0

1
2
2

2. 02

2.12

The structural formula of haemundecapeptide is shown in figure 1.
Electrophoresi s
At pH 2 in HCl, the paper electrophoretogram showed that both
haemundecapeptide and cytochrome £ migrated toward the cathode.

At

ph 9.2 the HUP spot migrated 2.7 em in two hours, toward the anode;
cytochrome£ migrated toward the cathode only 0.7 em in the same period
of time.

These latter results are shown in figure 2.

In both cases

the results are in good agreement with the lsoelectric point of cytochrome £, pi • 10, and with the estimated net charges of the undecapeptide.

At pH

the net charge of HUP is definitely positive; the amino

~
~

•

HUP

• (t
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8
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• Hll

~

8
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Figure •2,

Electrophoretogr am of ha emundec a peptid e and cytochrome .£ in phosph a t e buffer, pH 9, 2,
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groups would be protonated, and the terminal carboxy1 group would be
unionized,

At pH 9,2 the opposite situation would be prevalent,

The data for HUP at pH 9,2 Is as follows:
Electrophoretic period

2

Migration of HOP

2, 7 em to anode

Voltage applied

hours

volts

500

Distance between electrodes

em

52

This Information Is adequate for calculating an estimate for the
electrophoretic mobility of haemundecapept l de,
as the distance traversed In centimeters

p~r

The mobility Is defined

s econd, per volt per centi-

meter, em x sec-1/volt x cm·1 ,
Iff represents the mobility of HOP, then:
A1 •

I

2, 7/2

X

60

X

60

500/52
• 3, 9 x 10-5

em/sec
volt/em

Paper Chromatography
The haemundecapeptlde has an Rr value of 0,39 in paper chromatography,
when n-butanol-acetlc acld-vater (4:1:5) as the developing solvent.
Under the same set of conditions the cytochrome £ did not move at all,
Figure 3 shows this chramatographlc behavior,
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HUP

HUP

0

0

I

f

cytochrome .£

i'>

so l vent front

Figure 3. Paper chromatogram of haemundecapeptlde
and cytochrome .£•
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Effect of Substrate Concentration on Kinetics
The effect of the hydrogen peroxide concentration on the kinetics
of the peroxidation reaction of the haemundecapeptide may better be
observed on a graphic representation, as shown in figure 4,
It is evident that for a concentration of hydrogen peroxide higher
than 0,55 mM, the peroxidatlc reaction follows zero order kinetics.
The concentration of hydrogen peroxide of 0,8 mM, at which the peroxidase activity of HUP was measured, lies we l l beyond this limit,
and therefore it is valid to use this concen trat ion in investigating
the enzyme activity of HUP.
Peroxidatic Activity of Haemundecapeptide
A comparison of the peroxidase activities of the haempeptlde and
of horseradish

~eroxidase

is shown In figur e 5.

The oxidation of

2•dianisidine by the haempeptide Is a true perox ldatlc reaction, since
no reaction occurred In abs ence of hydrogen peroxide,
The enzyme activity, micromoles of hydrogen peroxide decomposed
per minute, per milligram of sample, is 1.9 In the absence of imi•
dazole, and 3,4 in its presence,
peroxidase is 478.

The enzyme activity of horseradish
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Fi gur e 5. Enzyme activity of horseradish perox id ase
and haemundecapept id e.

When the haemundecapeptide in aqueous solution was heated to 94 C
for 30 minutes , its ac tivity was increased to a value comparable to
that of a solution of the peptide in 0.1 M imidazole.
solution was heated, its activity was unaffected.

When the latter

Protohaemin in the

presence of imidazole or the inorganic ferric salts, f erric nitrate,
ferric ammonium chloride and ferric ammon ium sulphate, did not show
any peroxidase activity.

The peroxidase-like activi ty of haemundeca-

peptide therefore c annot be attributed to iron impurities.

The results

are summarized in table 2.
Effect of Cyanide and Fluoride on Peroxidatic Activity
At low cyanide concentrations below 32 mM there was a slight activa tion, but h i gher concentrations strongly inhibited the peroxidatic
a ctivity of the haemundecapeptide.

The inhibitory effects of cyanide

in presence and absence of im idazo le were very similar (figure 6).
The peroxidase act iv ity of horseradish peroxidase was strongly
inhibited at cyanide concentrations much lower t han were required for
the haemundecapeptide, e. g., at 0.1 mM.

Horseradish peroxidase was not

activated even at extremely low cyanide concentrations.
Potassium fluoride inhibited horserad ish peroxidase, but i ts inhibItory action was about 1000 times less than that of potassium cyanide.
The peroxidatic activ ity of the haemundec apept i de, however, was activated
by potassium fluoride, but not by sodium fluoride.

This is relevant

evidence that potassium ion has an activation effect on HUP .
was a lso detected in the ultraviolet absorption spectra.

This effec t
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Table 2. The peroxidase activities of haemundecapeptide, horseradish
peroxidase, protohaemin and inorganic ferric salts, before
and after heating for 30 minutes at 94 C

Sample

Peroxidase activity
u moles H202 decomposed
per min. per mg.

Haemundecapeptide

1.9

Haemundecapeptide heated

3.5

Haemundecapeptide in 0.1 M imidazole

3.4

Haemundecapeptide in 0.1 M imidazole and heated

3.4

Horseradish peroxidase

478

Horseradish peroxidase heated

0

Protohaemin in 0.1 M imidazole 8

0

Ferric nitrate

0

Ferric ammonium chloride

0

Ferric ammonium sulfate

0

8

Personal communication Y. Hsao, M. s. Thesis, 1966,
Utah State University.
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Ultraviolet Abs orption Spectra
Both HUP and cytochrome

£ gave typical Soret bands at 407

broad absorpt ion band s from 500 to 560
as may be seen in figure B.
both compounds gave typical

mv,

~·

and

i n 0,01 M imi dazole solution,

Af ter reduction with sodium dithionite ,
~

and

p bands

a t 55 0 and 520 mp res pectively.

The Soret bands i n both compounds s h ifted to 417 mp upon reduction.

In

the ultraviolet region, cytochrome £ gave the typical protein absorption
maximum at 280

mp , but the haempeptide gave no absorption max imum at

this wavelength because of absence of tyros i ne and tryptoph ane residues
in its molecule.
The effect of cyanide and fluoride ions on t he peroxidatic effect
of haemundecapeptlde was also examined by ultraviolet absorption sp ectra
of t he haempeptlde with and without cyanide or fluori de.
and potassium salts were employed,

Both sodium

The effect was also examined when

the haempeptide was d issolved i n 0, 0! M imidazole.
Cyani de ton , either as sodium or potassium salt, caus es a shift of
t he max imum absorpt i on band towards longer wavel ength , or bat hochr om ic
effect , from 397 mu to 4 10 mp , i n an aqueous solut ion of HUP .
s od ium or po t as s i um

fluorid~al so

a bathochr omic e ff ect.

However

i n absenc e of imidazo le, does not s how

The cations show a significant d iff erenc e i n

their effects at the max i mum absorpt i on of 410
a difference in absor bance of only 0. 02 units.

~·

KCN and NaCN s howed

Potassium fluor i de

c auses a marked hyperchrom lcity, as compared to sodium fluoride .
9 illustrates the cyanide and fluoride e ff ects on HUP .

Fi gure

o. 5

·HUP

0,4 ·-

4 pg/ml

--oxidized
- - -- reduced

0,3
0,2

.. o. 1

- _ --,

u

... ...

~

D

"'.,
0

D

< 0,5

cytochrome .£
-

0,4

oxidized

I

- - - - reduced

I
I

'

0,3
0,2

.

r,

0,1
,

300

350

400
Wavelength i n

Figure 8 .

450

500

.. - -,

,,'II
,
550

mp

Ultraviolet absorpt i on spectra of reduced and oxidized HUP and cvtochrome c .

0

"'

104

.s

',

.4

.2

I

I

/

•1

- - HUP • 01 mg/ml

mg HUP/ml

---- HUP • 01 mg/ml in • 1 M CN-

-- -- . 01 mg HUP/ml in .1M NaF

L.---1..- •

380

400

420

440

Wavelength i n

380

400

420

m~

Figure 9. Absorption spectra of HUP in presence
and absence of cyanide or fluoride.

440

Haemundecapeptide in 0,01 M imidazole showed the same shifting
of the Soret band as the aqueous solution,
was reversed,

Howev er, the cation effect

Potassium ton gave a hypochromi ctty with res pect to the

sodium ion effect , both with cyanide and fluoride,
Reduction of HUP with sodium dlthion it e , In the presence of 0,1 M
NaCN, had a bathochrom ic effect from 410 mp to 419

mp in the Soret band,

and a hyperchromi city of nearly 1,5 fold, with respect to the oxidized
form of HUP .

The

~

and

~

bands also appeared in the usual region.

The spectral changes In the region of the Soret band of HUP in 0,1 M
imidazole after reduction follows the same pattern as HUP in 0.1 M NaCN,
The spectra of HUP in 0,1 M NaF, and 0,01 M phosphate buffer, before and after reduction are very much the same as the spectra of HUP
i n 0,01 M phosphat e buffer, before and a fter reduction,
Figures 10 and 11 illustrate t he changes in the absorpti on spectra
of HUP in 0,1 M NaCN or NaF, upon reduction with Na2s 2o4.
Eff ect of pH on the Peroxidase Activity
The values obtained for peroxidase activity of haemundeeapeptide
and for horserad ish peroxidase at different pH ' s, ranging from pH 2 to
pH 13, were plotted aga inst the c orresponding values of pH,

For the

extreme value of 2, 0, hydrochloric ac id solution was emp l oyed, and for
pH of 13,0 sod i um hydroxide solution was employed,
sented in figure 12.
activity at pH of 4,5 ,

The graphs ar e pre-

Horseradish peroxidase showed a max imum perox i dat ic
Howev er the haemundec apept i de, from t wo inde-

pendent s ets of det erm i nat ions, gave a mean va lue for t he optimum pH
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of 11.7.

The individua l r esu lts for pH of maximum peroxidase activity

were 12.0 and 11.4.

In the plots of these data there appeared at pH 10

a pseudo-optimum value , which was subsequently masked by larger values
of peroxidase activity, with i ncreasing pH.
Activ ation Energy of Haemundec apep tide and Peroxidase
The plots of log V, t he maximum peroxidatic rate expressed in
absorbance change per minute , aga inst the reciprocal of the absolute
temperature, for haemundecapeptide and for horseradish peroxidase are
presented in figure 13.
The integrated form of the Arrhenius equation Log V • ·AH

R(T)

+

c,

permits to calculate the activat i on energy AH, from the slope of the
curves.

The activation energy • (slope) x R.

The values thus obtained

for the activation energy for haemundecapept ide is 8,050 calories per
mole, and for horseradish peroxidase 6,830 calories per mole .

As may

be seen in the peroxidase plot, the experimental points at temperatures
above 35 C deviated negat ive ly from the straight line.
Investigation of Catalase Activity of Haemundecapeptide
Catalase activity was investigated on samples of 10 pg and 100 pg
of haemundecapeptide.

After periods of incubation of 10 minutes or 3

hours, the acidified solution was titrated with 0.07 N KHn04 •

The volume

of titrant used for any sample was the same as the amount required for
the blank runs, e. g., hydrogen peroxide alone.
of 7 mM H202 requires 18 ml of 0.07 N KHn04.

Theoretically, 90 ml

The mean from 3 blank
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runs was 18,03 ml 0.07 N KMn04 ,

When haemundecapeptide was present in

the system, the mean of 7 determinations, with either 10 or 100 pg of
HUP, and short or long incubation periods , was 18.01 ml of 0.07 N KMn04.
The amount of titrant ranged from 17.80 to 18,20 ml.
On the other hand, 10 pg of catalase in 10 minutes decomposed H202
to the extent indicated by the volume of titrant required, 7,50 ml of
0.07 N KMn04 ,
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DISCUSSION
Tuppy and Pa 1eus (50) were the first to demonstrate that HUP was
endowed with perox idatic activity.

Paleus , Ehrenberg and Tuppy (38)

found that at pH of 4.9, and in absence of i mid azole , HUP displayed a
peroxidase activity 20 times gr eater than

cytochrome ~·

A synthetic

haempentapeptide prepared by Inouye and collaborators proved to have
peroxidase activity about 100 times stronger than that of haemin.

And

from liver catalase, Radhakrishnan et!! (40) isolated a preparation
by peptic digestion, which was peroxidatically active .
As may be seen

f~

figure 4 and table 2, haemundecapeptide

definitely shows peroxidatic activity .

However this activity is very

small as compared to horseradish peroxidase : 1.9 for HUP and 480 for
horseradish peroxidase.

In terms of tum-over number , HUP destroys

3. 54 moles of H202 per mole per minute , while horseradish peroxidase
has a tum-over number of around 20,000.

But HUP is more stable than

horseradish perox i dase under heat treatment .

Since horseradish peroxi-

dase consists of prote i n with a molecular weight of 40 , 000, according
to Kellin and Hartree ( 23) , heat would cause denaturation with loss
of enzyme activity.
According t o Ehrenberg and Theorell ( 10) the peptide moiety of the
haemundecapeptide hss the

~

•helical conf i guration.

The heat treatment

experiment indicates that the enzyme activity of HUP is increased about
twofold.

Th i s increase in ac tivity after heat treatment might be ex -

plained by the fact the peptide moiety reorganizes to a configuration
more favorable for peroxidase-like act ivity.
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The addition of imidazole also increases the enzyme activity of HUP
approximately tvofold,

Haemundecapeptide contains one mole of histidine ,

Ehrenberg and Theorell (10) assert that the imidazole group of histidine
occupies the fifth coordination position of the central i ron atom ,
Therefore the sixth coordination position must be occupied by a group
other than imidazole.

Possible ligands for the sixth position are water,

the terminal amino group of valine , the

e

terminal carboxyl group of glutamic acid,

-amino group of lysine, or the
The added imidazole probably

replaces this group, and tvo imidazole groups are coordinated with the
iron atom ,

Th i s type of arrangement is very likely more favorable for

peroxidase-l ike activity ,
Exclusion of hydrogen peroxide fr om the system d l d not cause any
absorbency change,

This indicates that

by the haemundecapeptide,

~-dianis i dine

is not oxidized

The requirement of H20z in the system does

not indicate that the absorbance increase is due to peroxidase-like
catalytic effect of the haemundecapeptlde,
Since mixing hydrogen peroxide and haemundecapeptide alone did not
cause any destruction of the hydrogen peroxide, it is concluded that the
haemundecapeptide has no catalase-like activity,
Although haemundecapeptide exhibits catalytic activity in a
peroxidase-like fashion, its behavior in presence of inhibitors, and
at different pH's is quite different from that of natural peroxidase.
For instance, horseradish peroxidase in presence of a cyanide concentration of 3 x to-5 M, loses approximately 85 percent of its enzymatic
activity.

With haemundecapeptide there vas some activation at this
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cyanide concentration,

Concentrations of cyanide, about 30 times higher,

are required to inactivate the peroxidase-like effect of haemundecapeptide as may be seen in figure 5.
Horseradish peroxidase is also inhibited by fluoride, but at a
somewhat higher concentration than cyanide concentration,

Haemundeca-

peptide is not affected by fluoride at the concentration that inhibits
horseradish peroxidase (figure 6),
Kellin (21) was the first to observe a peroxidase activity in
cytochrome £•

Recently Flatmark (11) investigated this behavior more

in detail, and he concluded that cytochrome

£ is a true peroxidase,

Besides showing an optimum pH of 3,5, it was found to be highly influenced by organic anions,
The behavior of haemundecapeptide and horseradish peroxidase at
different pH's is also markedly different .

Horseradish peroxidase shows

a typical bell shaped pH optimum curve, with the highest activity at

pH 4,5,

On the other hand, with haemundecapeptide the enzyme activity

increases continuously up to a pH 11,4 in one determination, and to a
pH of 12,0 in another experiment, and decreases sharply beyond this point.
The highest activity for undecapeptlde lies o~ the very alkaline
side, while that of peroxidase is on the slightly acidic side,

This

indicates that the mechanism of the peroxidatic activity of the two
compounds is probably different,
Such high a value for the opt imum pH of HUP may perhaps find an
explanation in the investigations conducted by Ehrenberg and Theorell (10)
on HUP.

They detected, through sedimentation studies, that HUP polymerizes
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in alkaline solutions, but remains in the monomer form in acidic media .
It could happen that the HUP-polymer has more active centers per particle
and/or that through polymer izati on, a configuration is assumed wh ich is
somehow more favorable for the peroxidation behavior.
According to Chance (6), hydrogen peroxide forms a complex with
horseradish peroxidase.

At pH 11 . 5 hydrogen peroxide is probably disso-

ciated and in the state of perhydroxyl ion (Hoo-).

Therefore haemundeca-

peptide may interact with perhydroxyl ion rather than with undissociated
hydrogen peroxide.
The activation energies for horseradish peroxidase and haemundecapeptide at pH 6 were found to be 6,830 and 8 , 050 calories per mole
respectively .

The value for haemundecapeptide is rather low.

Th i s sug-

gests that haemundecapeptide behaves somewhat similar to an enzyme.
However, it is not thermolabile, and no activity is lost through heat
treatment.

In this aspect it is somewhat sim il ar to a simple inorganic

catalyst.
The energy of activation of cytochrome
mined by Flatmark (11).

~

as peroxidase was deter-

He reported 22,200 calories per mole.

an unusually high energy of activation.
the progressive destruction of

This is

However the author also reports

cytochrome~

during the reaction, and this

destruction proceeded more rapidly, the higher the concentration of H2o 2 •

And one might add that an increase ln the temperature very likely also
accelerated the rate of

cytochrome~

decomposition.

The experiment calls

for variations in the temperature, to secure data for the Arrhenius plot,
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which in this case was non-linear .
JI.H of activation for cytochrome

This may explain the high value for

£, since the actual enzyme concentra-

tion is continuously decreasing.
The ultraviolet absorption spectral studies of the haempeptide in
presence and in absence of cyanide or fluoride lons corroborate the
findings on the inhibitory effects displayed by these ions.

Cyanide,

which exerts a strong inhibition on the peroxidatic activity of HUP,
caused a shift toward longer wavelengths of 13 mp, at the concentration
and conditions of the experiment.

Fluoride, which showed no inhibitory

effect , but rather a significant activation on the peroxidatic effect of
the haempeptide, caused no shift of the maximum absorption band at 397

mp

of HUP .

However its presence at 0. 1 M gave rise to a significant

hyperchromicity.

This increase in optical density at 397 mp coincides

well with the activation effect displayed by fluoride ion on the peroxidatic effect of HUP.

Such activation was more pronounced with

potassium than with sodium fluoride.

With the cyanides it was also

observed such difference, but to a lesser extent.

The potassium salt

was responsible for hyperchromicity as compared to the sodium salt.
A comparison between the potassium and the sodium salts of the
two anions examined, as reflected in the ultraviolet absorption spectra
they exert, shows that potassium and sodium cyanide at 0.1 M affect the
absorption maximum band of the haempeptide in very much the same fashion,
that is, both show the same Amax• and approximately the same transmittance.

The fluorides, however, showed a significant discrepancy.
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The position of the band of maximum absorption remains unaltered at
397 mp in presence of sodium fluoride, but the spectrum corresponding
to the haemundecapeptide with potassium fluoride showed a marked hyperchromicity of about 13 percent as compared to the NaF•HUP system.
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SUMMARY

1,

Haemundecapeptide was prepared from horse heart cytochrome

~.

according to the method of Tsou (48), and Tuppy and Paleus (50) .
The peroxidatic activity originally reported by the last mentioned
authors was further investigated,
2,

Haemundecapeptide showed peroxidase-like activity in presence of
hydrogen peroxide and £-dianisidine,

The specific activity was

1, 9, and the addition of imidazole or heat treatment increased
the activity twofold,
3,

Cyanide and fluoride did not inhibit the peroxidase-like activity
of haemundecapeptide at concentrations that did inhibit horseradish
peroxidase.

4.

The optimum pH for haemundecapeptide was 11.7, in contrast to 4.5
for horseradish peroxidase.

5,

The activation energy for haemundecapeptide was 8,050 calories
per mole, and 6,830 calories per mole for horseradish peroxidase,

6,

Haemundecapeptide did not show catalase activity ,

7.

The changes in the ultraviolet absorption spectra of HUP in presence
of cyanide or fluoride ions can be correlated to the inhibitory
effect, and/or to activation,
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